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I. INTRODUCTION 
A .  PROGRAM OBJECTIVES 
The  pe r fo rmance  of Kaufman t h r u s t e r s  h a s  improved  d r a m a t i c a l l y  
in  r e c e n t  y e a r s .  
t h r u s t e r  w a s  abou t  1000 eV/expel led ion a t  a propel lan t  ut i l izat ion of about  
90%. A number  of i n v e ~ t i g a t o r s l ' ~  have succeeded  in reducing this  e x -  
pendi ture  cons iderably .  
ini t ia ted,  the e n e r g y  consumption of the m o s t  advanced  t h r u s t e r s  (of the 
NASA-SERT II type) had been reduced  to  l e s s  than  250 e V / i o n  a t  90% 
propel lan t  uti l ization. 
o r d e r s  of magni tude above the absolute  low l i m i t  a t  which not m o r e  than 
the ionizat ion e n e r g y  (10 .44  eV f o r  m e r c u r y )  is consumed.  It w a s  thus 
highly l ikely that  addi t ional  energy could be saved ,  a n d  the objective of 
this  c o n t r a c t  w a s  t o  ach ieve  fu r the r  opt imizat ions of the t h r u s t e r  d i s -  
c h a r g e .  
The e n e r g y  expended in the d i s c h a r g e  of the or ig ina l  
About  a yea r  ago ,  when this  c o n t r a c t  w a s  
E v e n  a t  this point the e n e r g y  l o s s  p e r  ion r ema ined  
A l m o s t  all of the e a r l i e r  advances  had been accompl i shed  by 
Th i s  suggested that  a m o r e  physical ly  o r i en ted  
e m p i r i c a l  p a r a m e t e r  s tud ie s ,  with l i t t l e  r e g a r d  f o r  the underlying d i s -  
c h a r g e  m e c h a n i s m .  
a p p r o a c h  might  have m e r i t .  
which c o m p r i s e d  the following genera l  tasks: 
Accordingly,  a p r o g r a m  w a s  f o r m u i a t e a  
1. p a r a m e t e r  s tud ie s  
2 .  d i scha rge  d iagnos t ics  
3 .  d i scha rge  theo ry  
4. opt imizat ion e f fo r t s .  
I t  w a s  hoped that  the f i r s t  t h r e e  tasks  would combine t o  provide a high 
l e v e l  of understanding which ul t imately would a i d  the opt imizat ion effor t .  
B. TECHNICAL SUMMARY 
We bel ieve that the physical approach  h a s  been v e r y  success fu l .  
The  r e s u l t s  obtained under  the con t r ac t  m a y  be s u m m a r i z e d  br ie f ly  a s  
f 01 lows : 
1.  Subs tan t ia l  new knowledge has  been gained concern ing  the 
p r o p e r t i e s  of the hollow cathode p l a s m a  a n d  the in te rac t ion  
of this  p l a s m a  with the d i scha rge  p l a s m a .  
of cons ide rab le  impor tance  to (a) the unders tanding  a n d  p r e -  
vention of hollow cathode-t ip  sput te r ing ,  a n d  (b) the 
"decoupling" between hollow cathode a n d  d i scha rge  p l a s m a s .  
The  l a t t e r  is des i r ab le  because  i t  l e a d s  to a lower  r a t e  of 
e l e c t r o n  inject ion into the d i scha rge  p l a s m a  
f o r m a n c e  a n d  e l imina tes  a cont ro l  p rob lem.  
T h e s e  findings a r e  
which a i d s  p e r -  
'1 
1 
2 
2,  A de ta i led  understanding of the t h r u s t e r  d i scha rge  m e c h a n i s m  
h a s  been ga ined ,  Based  on this unders tanding ,  spec i f ic  des ign  
r u l e s  f o r  high p e r f o r m a n c e  t h r u s t e r s  have  been pos tu la ted ,  
3 .  A t h r u s t e r  op t imiza t ion  e f for t  h a s  been  conducted with two 
15 c m  d i a m e t e r  t h r u s t e r s .  
m a g n e t s  a n d  both w e r e  ope ra t ed  without n e u t r a l i z e r s ,  
the des ign  r u l e s  ment ioned  above ,  th i s  e f for t  l e d  to  
Both t h r u s t e r s  employed  e l e c t r o -  
Using 
a .  a n  opt imized  oxide cathode t h r u s t e r  configurat ion wi th  the 
following p e r f o r m a n c e  cha  r a c  te r i s  t ic s : 
d i scha rge  c h a m b e r  l o s s e s  154 e V / i o n  
propel lan t  ut i l izat ion 82 7'0 
b e a m  c u r r e n t  271 mA 
beam potential  3 kV 
dece l  potent ia l  2 kV 
d i scha rge  voltage 4 2 . 5  v 
b. a new hollow ca thode  t h r u s t e r  configurat ion,  incorpora t ing  
rad ia l  magne t i c  f i e lds ,  with the following p e r f o r m a n c e  
c h a r a c t e r i s t i c s :  
d i scha rge  c h a m b e r  I o s s e s  190 eV/ ion  
propel lan t  ut i l izat ion 90 % 
b e a m  c u r r e n t  380 mA 
b e a m  potential  3 kV 
decel potent ia l  2 kV 
d i scha rge  potent ia l  42 .5  V 
Th i s  new configurat ion h a s  the following advan tages :  
o a subs tan t ia l ly  i n c r e a s e d  ion b e a m  uni formi ty .  T h e  ion 
beam of the rad ia l  f ie ld  t h r u s t e r  is a p p r o x i m a t e l y  twice 
a s  un i fo rm a s  that of the NASA SERT-I1  t h r u s t e r ;  t h e r e -  
fore, i t  u t i l i zes  the pe rveance  of the ion opt ics  a p p r o x i -  
m a t e l y  twice a s  wel l  ( fo r  a p r e c i s e  definit ion of the t e r m  
f ie ld  t h r u s t e r  thus c a n  p rov ide  n e a r l y  twice the th rus t .  
pe rveance  ut i l izat ion" see Sec t ion  11" F).  The  r ad ia l  I I  
0 a c e n t e r  p o s t  a long  the d i s c h a r g e  a x i s  c a n  s e r v e  as  a 
suppor t  f o r  the ion opt ical  s y s t e m  a n d  a cen t r a l ly  moun ted  
n e u t r a l i z e r  
o a s h o r t e r  length,  using l e s s  s p a c e  a n d  weight .  
The  r e s u l t s  s u m m a r i z e d  above  a n d  d e s c r i b e d  in  de ta i l  below w e r e  ex-  
t r ac t ed  f r o m  a l a r g e  volume of e x p e r i m e n t a l  data .  T o  k e e p  this  r e p o r t  
concise ,  l e s s  meaningful  e x p e r i m e n t s  wi l l  be r e p o r t e d  only br ie f ly ;  c o m -  
plete s e t s  of the co r re spond ing  da ta  wi l l  be co l l ec t ed  in a s e p a r a t e  data 
book, s e v e r a l  copies  of which wi l l  be submi t t ed  to NASA toge ther  with 
th i s  r e p o r t .  
The  r e s u l t s  will  be p r e s e n t e d  u n d e r  the headings  'NASA-SERT I1 
Thrus t e r " ,  "Oxide Cathode T h r u s t e r " ,  f fHollow Cathode  T h r u s t e r " ,  a n d  
"Radial F i e l d  T h r u s t e r " .  Under  "NASA-SERT 11 T h r u s t e r " ,  m e a s u r e m e n t s  
t a r e  r epor t ed  which w e r e  obtained with a NASA suppl ied t h r u s t e r .  
p a r t ,  t hese  m e a s u r e m e n t s  w e r e  intended to s e r v e  a s  a s t a n d a r d  of 
compar i son  f o r  the p e r f o r m a n c e  obtained with va r ious  t h r u s t e r  conf igur -  
a t ions  explored  under  the cont rac t .  
r e q u e s t  by NASA to ga the r  m o r e  information about  the SERT-I1 t h r u s t e r .  
Included among the l a t t e r  expe r imen t s  w e r e  a p a r a m e t e r  s tudy using 
d i f fe ren t  types of ca thodes  a n d  a diagnostic s tudy.  
In  
In p a r t ,  they w e r e  p e r f o r m e d  upon 
During m o s t  of the cont rac t  pe r iod ,  s e p a r a t e  invest igat ions w e r e  
conducted with oxide and  hollow cathode t h r u s t e r s .  
p r o b l e m s  of the two configurat ions w e r e  suff ic ient ly  d i f fe ren t  t o  w a r r a n t  
this  p rocedure .  It should be s t r e s s e d ,  however ,  that  t hese  invest igat ions 
w e r e  not independent,  even  though they w e r e  s e p a r a t e .  Espec ia l ly  
toward  the end of the con t r ac t ,  when a m o r e  g e n e r a l  understanding of the 
d i scha rge  behavior  evolved,  cons iderable  in te rac t ion  ex i s t ed  between 
both. 
The  p r o p e r t i e s  a n d  
3 
I1 * 
A .  APPARATUS 
EXPERIMENTAL PROGRAM 
In this  sec t ion ,  we desc r ibe  the a p p a r a t u s  which has  a d i r e c t  
bear ing  on the expe r imen ta l  resu l t s .  
p e r f o r m e d  in t h r e e  c ryogenica l ly  pumped vacuum tanks of 2, 5,  a n d  9 ft .  
d i a m e t e r .  Ambien t  p r e s  u r e  in these c h a m b e r s  dur ing  t h r u s t e r  opera t ion  
w a s  a lways  e s s  than lo- '  T o r r ,  and  typically w a s  on the o r d e r  of 
2 to  5 x lo - '  T o r r .  Ion c u r r e n t  w a s  co l lec ted  with a w a t e r  cooled,  s t a in -  
l e s s  s t e e l  t a r g e t  a n d  n e u t r a l i z e r s  w e r e  not employed  f o r  a n y  expe r imen t s .  
Two s e t s  of power conditioning w e r e  used ,  both s e t s  us ing  the me te r ing  
c i r c u i t s  a n d  connect ions shown schemat ica l ly  in  F i g .  1. The locat ion of 
the m e t e r s  in  this  s chemat i c  d i ag ram defines  the p a r a m e t e r s  ment ioned  
throughout the text.  
The  t h r u s t e r  e x p e r i m e n t s  w e r e  
Two expe r imen ta l  t h r u s t e r s  w e r e  des igned  to  fac i l i t a te  p a r a m e t e r  
va r i a t ion  a n d  d iagnos t ics  in  the d ischarge  c h a m b e r  s tud ies .  
shows the e s s e n t i a l  f e a t u r e s  of these t h r u s t e r s .  
gene ra t ed  by a solenoid cons t ruc ted  f r o m  eight  s e g m e n t s ,  e a c h  having 
50 t u r n s .  
1 1  pole p i e c e s "  o r  disconnected a l toge ther  t o  provide a v a r i e t y  of magnet ic  
configurat ions.  The  cathode a n d  i ts  suppor ts  a r e  r e l a t ive ly  e a s y  to r e -  
m o v e  o r  modify,  thus mak ing  i t  re la t ively s imple  to change ca thodes  o r  
cathode loca t ions .  The  f eed  tubes a r e  connected to  the feed  manifold 
with "Swagelok" f i t t ings to p e r m i t  e a s y  change of the loca t ion  o r  d i r ec t ion  
of propel lan t  injection into the d ischarge  c h a m b e r .  
op t i c s ,  anode ,  cathode suppor t  e lec t rode ,  a n d  feed  tubes a re  all i so la ted  
e l e c t r i c a l l y  in  o r d e r  to p e r m i t  independent mon i to r ing  of c u r r e n t s .  
addi t ion,  cy i indr ica i ,  insu la ted  e l ec t rodes  c a n  be f i t t ed  t ightly ins ide  
the anode  to mon i to r  the anode c u r r e n t  d i s t r ibu t ion  o r  to  s e r v e  as e l e c -  
t r o n  confining dev ices  by operat ion a t  cathode potent ia l .  
a l s o  m a d e  f o r  i n se r t ing  a p robe  suppor t  r o d  through the cathode end of 
the t h r u s t e r  c h a m b e r ,  a s  shown i n F i g .  2. 
are  d e s c r i b e d  in  Sec t ion  11-B. The oxide ca thodes  u s e d  under  the con-  
t r a c t  w e r e  cons t ruc t ed  of d i r ec t ly  hea ted  nickel  m e s h ,  wound in a s p i r a l ,  
a n d  s p r a y e d  with a nickel encapsnla ted  h r i u m  ca rbona te .  The  l a t t e r  
m a t e r i a l  w a s  p r e p a r e d  by the appa ra tus  developed under  a n  e a r l i e r  NASA 
c o n t r a c t 6  using a technique desc r ibed  by D. M. M a u r e r  and  C. M, P l e a s s .  
F i g u r e  3 shows a photograph of a cathode of th i s  type.  The ca thodes  used  
f o r  hollow cathode t h r u s t e r  operat ion w e r e  suppl ied by NASA LeRC,  a n d  
the cathode,  cathode pole p i ece ,  baf f le ,  a n d  keep-a l ive  e l ec t rode  a r e  
d e s c r i b e d  by R .  T .  Bechtel ,  et.  a l .  in  Ref. 3 (shown i n  F ig .  3 oi that  
r e p o r t ) .  T h e i r  c r i t i c a l  
d imens ions  a r e  given in  Table  I. 
L e R C  f o r  u se  with the SERT-I1  t h r u s t e r  a n d  w a s  adap ted  to the e x p e r i -  
m e n t a l  t h r u s t e r s .  
F i g u r e  2 
The  magnet ic  f ie ld  is 
T h e s e  s e g m e n t s  c a n  be s e p a r a t e d  f o r  i n s e r t i o n  of sof t  i r o n  
The  ion ex t r ac t ion  
In 
P r o v i s i o n  is 
The  s e v e r a l  types of p robes  
7 
- -  
Two types of ion ex t rac t ion  opt ics  w e r e  used .  
Type B opt ics  w a s  suppl ied by NASA- 
The  f ina l  expe r imen ta l  t h rus t e r  configurat ion t e s t ed  was  a modif i -  
ca t ion  of the t h r u s t e r  c h a m b e r  shown in F i g .  2 . A r a d i a l  magne t i c  f ie ld  
w a s  g e n e r a t e d  by m e a n s  of a cen te r  post ;  in  addi t ion,  the ro l e  of anode 
a n d  cathode w a s  in te rchanged ,  A comple te  s e t  of de ta i led  drawings  f o r  
5 
1 
this  configurat ion is suppl ied with this  r e p o r t .  
g raphs  of this  t h r u s t e r  c h a m b e r  (a) with opt ics  removed and  ( b )  with 
both opt ics  a n d  p a r t  of the c e n t e r  pos t  ( s e rv ing  a l s o  a s  a combinat ion of 
pole p i ece  a n d  baffle) removed.  The propel lan t  f eed  tubes have  s m a l l  
o r i f ices  d i r ec t ed  toward  the r e a r  of the c h a m b e r .  The  feed  manifold 
a n d  e l e c t r i c a l  i so l a to r  h e a t e r  a l s o  c a n  be readi ly  ident i f ied f r o m  F i g .  4. 
The e l e c t r i c a l  i so l a to r  s e r v e s  to s e p a r a t e  e l ec t r i ca l ly  the t h r u s t e r  a n d  
r e s e r v o i r .  This  was  accompl i shed  by spacing a suff ic ient  number  of 
optically dense  w i r e  m e s h  d i s c s  within a n  insulat ing s e g m e n t  of the f e e d  
l ine to main ta in  the voltage d r o p  a c r o s s  e a c h  in t e rd i sk  spac ing  below the 
Paschen  m i n i m u m .  
phase s e p a r a t o r  between the l iquid and  vapor  phases  of the propel lant .  
Control  o v e r  the propel lan t  f eed  r a t e  w a s  provided by a the rmos ta t i ca l ly  
regulated h e a t e r .  The propel lan t  f eed  r a t e  w a s  de t e rmined  v ia  per iodic  
volume m e a s u r e m e n t s  of the m e r c u r y  de l ive red  f r o m  the propel lan t  
r e s e r v o i r .  Two such  s y s t e m s  w e r e  used:  (1) a spr ing- loaded ,  p i s ton-  
dr iven d i aphram s y s t e m ,  a n d  (2)  a g rav i ty  flow, ca l ib ra t ed  pipette 
s y s t e m .  The pipette s y s t e m  w a s  r e a d  d i r e c t l y  in  m i l l i l i t e r s  p e r  hour ,  
while the piston s y s t e m  employed  a d ia l  ind ica tor  to mon i to r  p i s ton  t r a v e l  
p e r  hour .  
F i g u r e  4 shows photo-  
I 
I 
i 
! 
A n  oxidized s t a i n l e s s  s t e e l  m e s h  w a s  u s e d  a s  a 
Both s y s t e m s  p roved  to be re l iab le .  
B. DIAGNOSTIC TECHNIQUES 
1. L a n g m u i r  P r o b e  
The Langmui r  probe  technique u s e d  f o r  the m e a s u r e m e n t s  in  this  
investigation will  be d i s c u s s e d  f i r s t ,  Two probe  conf igura t ions ,  shown 
i n  F ig .  5 w e r e  used  t o  p robe  the t h r u s t e r  d i scha rge  p l a s m a .  The  probe  
posit ioning method is shown in  F i g .  6 (a ) .  The p robe  shown as No.  1 in 
F i g .  5 was  capable  of opera t ion  a s  a n  e m i s s i v e  probe when hea ted  to  
emis s ive  t e m p e r a t u r e  by  pass ing  c u r r e n t  through the w i r e  loop  of the 
probe.  
unambiguously by superpos i t ion  of the vo l t age -cu r ren t  c h a r a c t e r i s t i c  of 
this  probe  ope ra t ed  as  a n  e m i s s i v e  p robe  on the c h a r a c t e r i s t i c  of the s a m e  
probe ope ra t ed  as  a cold co l l ec to r .  
these c h a r a c t e r i s t i c s  a n d  the me thod  of identifying the p l a s m a  potent ia l .  
The e m i s s i v e  p robe  c h a r a c t e r i s t i c  s e p a r a t e s  f r o m  the nonemiss ive  c h a r -  
a c t e r i s  tic when the p robe  potent ia l  b e c o m e s  l e s s  than the p l a s m a  potent ia l  
because the e m i s s i v e  probe  then e m i t s  e l e c t r o n s  into the p l a s m a .  C o n s e -  
quently 
tentialYJ8 and  the nonemiss ive  p robe  c h a r a c t e r i s t i c  can  be ana lyzed  in the 
usual m a n n e r .  9 In  p r a c t i c e ,  i t  w a s  difficult  to  u se  e m i s s i v e  p r o b e s  be- 
cause heating the loop  to e m i s s i o n  t e m p e r a t u r e  changed the m e c h a n i c a l  
contact  with a n d  the e l e c t r i c a l  conduct ivi ty  of the c e r a m i c  probe  insu l -  
a t o r ;  this  caused  a n  i n c r e a s e  in the co l lec t ion  a r e a  a n d  a co r re spond ing  
i n c r e a s e  in  col lected e l e c t r o n  c u r r e n t ,  even a t  p robe  poten t ia l s  above  
p l a sma  potential .  This  can  be avo ided  only by ca re fu l ly  cen te r ing  the 
probe w i r e  in the in su la to r  (which is d i f f icu l t  to accompl i sh ) .  
reason ,  a n d  because  of f r equen t  d e s t r u c t i v e  a r c i n g s  when the probe  w a s  
operated a s  a n  e m i t t e r ,  th i s  technique was  abandoned a n d  all p robe  
m e a s u r e m e n t s  w e r e  m a d e  with the p robe  a s  a nonemiss ive  co l l ec to r .  
The  f i r s t  p robe  m e a s u r e m e n t s  w e r e  m a d e  with the type 1 p robe ,  
In pr inc ip le ,  the p l a s m a  o r  s p a c e  potent ia l  m a y  be obtained 
F i g u r e  6 (b )  shows a n  example  of 
this  point of s e p a r a t i o n  can  be used  to  ind ica te  the p l a s m a  PO- 
F o r  this  
using a manual ,  point-by-point  m e t h o d  of obtaining the p r o b e  vol tage-  
6 
c u r r e n t  c h a r a c t e r i s t i c  (vary ing  the probe  voltage manual ly  a n d  reading  
the probe voltage a n d  c u r r e n t  on m e t e r s ) .  
immedia te ly  d i sc losed  the exis tence of a non-Maxwell ian d is t r ibu t ion  of 
e l e c t r o n  ene rg ie s  in the d i s c h a r  e p l a sma .  Consequent ly ,  the ana ly t ica l  
technique of S t r ickfaden ,  e t .  al. ,  5 0 3  
cable .  Th i s  technique is based on the a s s u m p t i o n  of the ex is tence  of two 
s p e c i e s  o r  components  of p l a sma  e l ec t rons :  monoene rge t i c  p r i m a r y  e l e c -  
t rons  f r o m  the cathode,  a n d  e lec t rons  with a Maxwell ian ene rgy  d i s t r i -  
bution f r o m  ionizat ion of neut ra l s .  The  e l e c t r o n  c u r r e n t  co l lec ted  by the 
p robe  can  thus be e x p r e s s e d  in  two components  a s  
The probe  c h a r a c t e r i s t i c s  
was  a t t empted  a n d  found to be app l i -  - -
i = i  
p robe  p r i m a r y  ' imaxwell ian 
F o r  r e t a rd ing  poten t ia l s ,  t hese  components m a y  be e x p r e s s e d  ma the  - 
m a t i c a l l y  as 
and 
kT 
i maxwel l ian  n m 
whe r e  
A 
T e 
n m 
n 
e v 
e 
P r  
P r  
m 
V 
e 
eV 
e 
collecting a r e a  of probe  
t e m  pe ra tu r e  a s s o c ia t e d w i th Maxwell  ia n c om po ne  n t 
of p l a sma  e l ec t rons  
dens i ty  of Maxwellian component  of e l ec t rons  
dens i ty  of p r i m a r y  component  of e l ec t rons  
- 
- 
- 
-  -
- - average ei-iei-gy of pi-i.iiia1-y e l e c t r o t ~ s  
e i e c t r onic c ha r g e 
e l ec t ron ic  mass  
potential  of probe m e a s u r e d  with r e s p e c t  to  p l a s m a  
potential .  
- - 
- - 
- 
When eVpr is apprec i ab ly  l a r g e r  t h a n  kTe  i t  i s  re la t ive ly  s imple  to  s e p a r -  
a t e  the two components  a n d  obtain the d e s i r e d  quant i t ies  through (1)  a n d  (2)  
On a l i n e a r  s c a l e  the vol tage-cur ren t  c h a r a c t e r i s t i c  would a p p e a r  as  shown 
in F i g .  7(a) .  
high r e t a rd ing  potent ia l  por t ion  of the c u r v e ,  the Maxwelliatl  component  of 
the c u r r e n t  c a n  be s e p a r a t e d  f rom the p r i m a r y  compound as  shown. R e -  
plott ing this  Maxwell ian component on a semi loga r i thmic  s c a l e  a s  shown 
in F i g .  ?(b)  l oca t e s  Vplasma a n d  yields the p l a s m a  dens i ty  using ( 1 )  and  (2 )  
By drawing the l inear  tangent  to the c h a r a c t e r i s t i c  a t  the 
7 
(Te  and V p r  can  be obtained d i r ec t ly  f r o m  the vo l t age -cu r ren t  c h a r a c t e r -  
is t ics  and  the component  dens i t i e s  computed f r o m  the va lues  of the c u r r e n t  
components,  shown in  F i g .  7(a)2 a t  Vplasmai .  
r equ i r e s  that  the p r i m a r y  e l e c t r o n s  be monoenerge  tic and  have a n  i so t rop ic  
velocity d is t r ibu t ion  in  o r d e r  to s e p a r a t e  the e l ec t ron ic  components  by 
tained which do not have a wel l -def ined l i n e a r  reg ion ,  consequent ly ,  a n  
a t t empt  w a s  m a d e  to employ  a probe  which m e a s u r e s  total  e n e r g y ,  
configuration a t t empted  w a s  that of a F a r a d a y  cup  probe  with a h e m i -  
spher ica l  co l l ec to r .  
per turbed  the d i s c h a r g e ,  and  no data  w e r e  col lected.  A s  a r e s u l t ,  the 
two-component e l ec t ron  a n a l y s i s  was  used  throughout the s tudy.  
1 
T h i s  method of a n a l y s i s  I 
I 
means  of the l i n e a r  tangent.  A number  of probe  c h a r a c t e r i s t i c s  w e r e  ob- 1 
The  
Th i s  probe fai led because its physical  s i z e  s e v e r e l y  
Because  a l i n e a r  d i sp lay  of the vo l t age -cu r ren t  c h a r a c t e r i s t i c  is 
requi red  f o r  data  a n a l y s i s ,  this  method lends  i t s e l f  to  data  r eco rd ing  by 
a n  x-y  r e c o r d e r .  
used, to  co l lec t  data  with the type 2 probe .  
of being cont ro l led  by grounded i n s t r u m e n t s ,  t h r u s t e r  ope ra t ion  thus is 
continuous during m e a s u r e m e n t .  The  c h a r a c t e r i s  t i cs  of the equipment  
essent ia l  t o  success fu l  opera t ion  a r e  
F i g u r e  8 shows a block d i a g r a m  of the components  
T h i s  s y s t e m  has the advantage  
1 .  The  dc power  supply i s  regula ted  (cons tan t  vol tage)  
a g a i n s t  load  changes  and  the voltage output is  l i n e a r l y  
propor t iona l  to the r e s i s t a n c e  of the p r o g r a m m i n g  
r e s i s t o r  
2. The  c l a m p - o n  m i l l i d m e t e r  has  a n  output which i s  l i n e a r  
with r e s p e c t  t o  input. 
The  voltage and  c u r r e n t  m e t e r s  shown in  the high voltage c i r c u i t  provide 
a constant check  on the ca l ibra t ion .  
c u r r e n t  i s  looped 10 t i m e s  through the probe  of the c l a m p - o n  m i l l i a m e t e r  
to  improve sens i t iv i ty  (only one loop  is  shown).  Mechanica l  l inkage be -  
tween the x - a x i s  po ten t iometer  a n d  the va r i ab le  p r o g r a m m i n g  r e s i s t o r  is 
achieved with a s t a n d a r d  p iece  of e l ec t ron ic  h a r d w a r e  - a g e a r e d ,  r igh t  
angle  shaf t  coupling, a n d  a f ibe r  (insulating) sha f t ,  
equipment,  Langmui r  probe  data  c a n  be co l l ec t ed  qui te  rap id ly ,  thus 
insuring a m i n i m u m  vari- l t ion of d i s c h a r g e  cond,tionc.  
bility is a l so  obtaindble.  
The w i r e  which c a r r i e d  the p robe  
With this  s e t  of 
Good r e p r o d u c i -  
2 .  F a r a d a y  C u p  P r o b e  
A F a r a d a y  cup  probe  was u s e d  to  de te  i m i n e  the ex t rbc t ed  ion beam 
The m a i n  object ive of the F a r a d a y  cup  is to  r e t u r n  secondary  e l e c -  
c u r r e n t  dens i ty  prof i le ,  
used. 
t rons resul t ing f r o m  the impact  of ions o n  the col lect ing s u r f a c e ,  thus 
rendering the c u r r e n t  m e k s u r e m e n t  more a c c u r a t e .  
this ,  the probe  of F i g .  9 is a l s o  m a d e  highly d3rect ional .  To  c o r r e c t  
this ,  a sphericzll p robe  with s p h e r i c a l  r e t a r d i n g  s c r e e n  was c o n s t r u c t e d ,  
however,  t h e r e  w a s  insuff ic ient  t r m r  f o r  tes t ing  this  device .  
F i g u r e  9 shows a n  example  of the type of probe 
In 
I 
3 .  Magnet ic  F i e l d  M a p s  
Magnet ic  f ie ld  mapping with powdered i r o n  has  long been a 
method of demonst ra t ing  the p re sence  of magnet ic  l i nes  of fo rce .  
When such  a f ie ld  m a p  is made  permanent ,  i t  becomes  a useful  (though 
qual i ta t ive)  m e a n s  f o r  es t imat ing  the e f fec t iveness  of magnet ic  config- 
ura t ions .  The technique f o r  mapping the magnet ic  configurat ion of a 
t h r u s t e r  c h a m b e r  i s  re la t ive ly  s imple.  F i r s t ,  a polyethylene bag is 
u s e d  to p r o t e c t  the c h a m b e r  f r o m  contaminat ion by powdered i ron .  Next 
a smooth  white piece of pape r ,  cut to  f i t  ins ide  the t h r u s t e r ,  is sp r ink led  
l ight ly  with powdered i ron.  This  p a p e r  is then i n s e r t e d  ca re fu l ly  in to  the 
magnet ic  f ie ld  of the c h a m b e r ;  once in p l ace ,  i t  i s  tapped l ight ly  until the 
pa t t e rn  of the f ie ld  l i n e s  is c lear ly  v is ib le .  The powdered i r o n  p a t t e r n  is 
then ca re fu l ly  coa ted  with a light s p r a y  of c l e a r  l acque r .  When th is  
coat ing h a s  d r i e d ,  the pa t t e rn  may  be r emoved  a n d  coated m o r e  heavi ly  
f o r  g r e a t e r  pe rmanence .  A n  example of the r e s u l t s  of this  technique is 
shown in F ig .  10. 
C .  NASA SERT-I1 THRUSTER STUDIES 
1. P e r f o r m a n c e  Mapping 
A t  the beginning of the cont rac t  a SERT-I1 type t h r u s t e r ,  d e s c r i b e d  
.,.-a ,-.a i n  Fief. 2 ,  w a s  suppi ied by ~ ~ f i a ~  LeEC i u r  Liic p u ~ p u a t :  uf C ~ L ~ L I ~ S L ~ L I ~  
p e r f o r m a n c e  s t anda rds .  Th i s  t h r u s t e r  was  ope ra t ed  with t h r e e  cathode 
types :  (1) a NASA magaz ine  type oxide cathode,  ( 2 )  a n  oxide coa ted  nickel  
s p i r a l  cathode,  a n d  ( 3 )  a hollow cathode. In all pe r fo rmance  t e s t s ,  the 
t h r u s t e r  w a s  ope ra t ed  f o r  a sufficient t ime  to e s t ab l i sh  s tab i l i ty  in  neu t r a l  
p rope l lan t  flow r a t e s ,  equi l ibr ium t e m p e r a t u r e  of components ,  a n d  
cathode emiss ion .  
5 x 10-7 T o r r .  
ope ra t ion  with the t h r e e  cathode types .  
is g e n e r a l l y  v e r y  good. A s  will  be s e e n  below, the SERT-I1 t h r u s t e r  d i s -  
c h a r g e  h a s  the d e s i r a b l e  d ischarge  p l a s m a  c h a r a c t e r i s t i c s  outl ined in 
Sec t ion  11-4. 
Chamber  p r e s s u r e s  w e r e  typically of the o r d e r  of 
F i g u r e  11 shc?ws p e r f o r m a n c e  mappings  f o r  t h r u s t e r  
The  pe r fo rmance  of th i s  t h r u s t e r  
2 .  Dia e nos t ic s 
The f i r s t  m e a s u r e m e n t  made  with the SERT-I1 t h r u s t e r  w a s  a 
powdered  i r o n  mapping of the magnet ic  f ie ld .  F o r  the hollow cathode 
conf igura t ion  a magne t i c  f ie ld  m a p  is p r e s e n t e d  in F i g .  10. 
shows a t r ac ing  of a s i m i l a r  mapping f o r  the oxide cathode configurat ion 
a n d  l i s t s  a n  a r r a y  of m e a s u r e d  values of a x i a l  magnet ic  f ie ld  s t r e n g t h s ,  
I t  is a p p a r e n t  tha t  e l e c t r o n s  which follow the indicated l i n e s  of f o r c e  
e s s e n t i a l l y  "cover"  the en t i r e  s c r e e n  a r e a .  Based  on the findings of 
Sec t ion  11-4, i t  is a l s o  a p p a r e n t  t h a t  the e x t r e m e l y  d ivergent  magne t i c  
conf igura t ion  of the SERT-I1 t h r u s t e r  would d e t e r i o r a t e  the p e r f o r m a n c e  
if  the  propel lan t  w e r e  introduced n e a r  the s c r e e n  pole piece,  a s  w a s  
found by Bechte l .  
F i g u r e  12 
T h e  ex t r ac t ed  ion beam profi le ,  no rma l i zed  to the c e n t r a l  value,  
is shown ir, F i g .  13. 
p r o b e  a t  a plane 18 c m  downstream f r o m  the ex t r ac t ion  op t i c s ,  
This profile was m e a s u r e d  with a F a r a d a y  cup 
This  
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I 
1 
profile d i f fe rs  only s l igh t ly  f r o m  o the r s  m e a s u r e d  in the expe r imen ta l  
t h r u s t e r s  (except  f o r  the r a d i a l  f ie ld  t h r u s t e r ) .  
A t  the r e q u e s t  of NASA LeRC,  a s e t  of Langmui r  probe m e a s u r e -  
T h e  probe  used  w a s  similar to 
T o  provide a graphica l  i l l u s t r a t ion  of p robe  r e -  
ments was  m a d e  in  the SERT-I1 t h r u s t e r .  
that  used in  the expe r imen ta l  hollow cathode t h r u s t e r ,  a n d  the r e s u l t s  
w e r e  s t r ik ingly  similar. 
su l t s ,  the p l a sma  dens i ty ,  the no rma l i zed  p l a sma  potent ia l ,  a n d  the 
Maxwellian e l e c t r o n  t e m p e r a t u r e  a r e  shown in th ree -d imens iona l  plots 
i n  Fig.  14(a) ,  (b) ,  a n d  (cQ1 respec t ive ly .  Only one s e t  of m e a s u r e m e n t s  
w a s  m a d e  inside the cathode pole piece because  it was  cons ide red  unde- 
s i r ab le  to modify the baffle o r  cathode pole piece to p e r m i t  e n t r y  of the 
probe. I t  is a p p a r e n t  that  the p l a s m a  dens i ty  is re la t ive ly  low, a s  w a s  
the c a s e  when the expe r imen ta l  t h r u s t e r  w a s  ope ra t ed  with high t r a n s -  
mis s ion  opt ics .  
potential  r idge n e a r  the anode  and  to have a g rad icn t  i n  the d i r ec t ion  of 
the ex t rac t ion  s c r e e n ;  this  p reven t s  r a d i s l  i on  loss arid tends to  e s t ab l i sh  
a n  ion d r i f t  toward  the s c r e e n .  The  d is t r ibu t ion  of Maxwell ian e l e c t r o n  
t e m p e r a t u r e  ind ica tes  the region of the d i scha rge  i n  which p r i m a r y  e l e c -  
t rons  ionize n e u t r a l s  and  in t e rac t  with the p l a sma  e l e c t r o n s .  
which is c h a r a c t e r i z e d  by h igher  e l e c t r o n  t e m p e r a t u r e ,  c a n  be seen  i n  
F i g .  14(c)  to  expand rad ia l ly  f r o m  cathode to s c r e e n  i n  m u c h  the s a m e  
m a n n e r  that  the magne t i c  f ie ld  l i nes  a r e  s e e n  to d ive rge .  
The  potent ia l  d i s t r ibu t ion  is a l s o  s e e n  to d i sp l ay  a 
T h i s  reg ion  
D. OXIDE CATHODE THRUSTER 
The objective of the oxide cathode t h r u s t e r  s tud ie s  w a s  to inves t i -  
ga t e  t h r u s t e r  p e r f o r m a n c e  by p a r a m e t e r  var ia t ion  a n d  to ga in  a phys ica l  
understanding of the changes  in  d i scha rge  p l a sma  p r o p e r t i e s  e f fec ted  by 
favorable  p a r a m e t e r  modi f ica t ions .  
var ied :  
The  following p a r a m e t e r s  w e r e  
1 a 
2 .  
3 .  Cathode locat ion 
4. P r o p e l l a n t  introduct ion 
5 .  Ion ex t r ac t ion  opt ics .  
Magnet ic  f ie ld  c onfigura t ion a n d  s t r e n g t h  
Length of the d i s c h a r g e  c h a m b e r  
Diagnostic m e a s u r e m e n t s  we r e  m i d e  f o r  those  p a r a m e t r i c  v a r i -  
a t ions which d isp layed  s ignif icant  d i f f e rences  in t h r u s t e r  p e r f o r m a n c e .  
The  d iagnos t ics  included 
1. 
2 .  
3 .  
4. 
Langmui r  p robe  m e a s u r e m e n t s  in the d i scha rge  p l a s m a  
F a r a d a y  cup  probe  m e a s u r e m e n t s  in the e x t r a c t e d  ion b e a m  
Powdered  i r o n  magne t i c  f ie ld  m a p s  
C u r r e n t  m e a s u r e m e n t s  in i so l a t ed  s e g m e n t s  of the d i s c h a r g e  
cham be r e l  e c t r ode s a 
T h e  p a r a m e t r i c  s tud ie s  have shown t h a t  improved  t h r u s t e r  p e r -  
fo rmance  r e s u l t s  when a n  opt imal  combina t ion  of the above  p a r a m e t e r s  
i s  used.  
ura t ion  f o r  a n y  s ingle  p a r a m e t e r  would be a n  o v e r s ~ m p l i f i c a t i o n .  
diagnostic m e a s u r e m e n t s  have  shown that  t h r u s t e r  conf igura t ions  which 
Consequent ly ,  a n y  a t t e m p t  to s t a t e  a n  opt imum value o r  conf ig-  
Indeed,  
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d i sp lay  s u p e r i o r  p e r f o r m a n c e  have in common  c e r t a i n  phys ica l  r a t h e r  than 
c onf igura t io na l  p r  ope r t ie  s : 
1. The  p l a s m a  dens i ty  i s  re la t ive ly  uni form a c r o s s  the ex t r ac t ion  
s c r e e n  a n d  t h e r e  a r e  no exaggera ted  loca l  maxima o r  "peaks" 
in the spa t ia l  dens i ty  dis t r ibut ion.  
2. The  p la sma  potent ia l  is e s sen t i a l ly  cons tan t  o v e r  the d i scha rge  
c h a m b e r ,  gene ra l ly  above anode  potent ia l ,  a n d  d isp lays  a s l igh t  
g rad ien t  toward  the s c r e e n  e l ec t rode .  In addi t ion,  t h e r e  i s  a 
s l igh t  rise in  potential  n e a r  the anode.  
3 .  The p la sma  e l e c t r o n  density is composed  of a d is t inc t  high 
e n e r g y  component  of "p r imary"  e l e c t r o n s  f r o m  the cathode, 
a n d  a low e n e r g y  component a r i s i n g  f r o m  ionization of the 
neu t r a l  gas .  Th i s  low e n e r g y  component  has  a m o r e  o r  less 
Maxwell ian e n e r g y  dis t r ibut ion with a n  e l e c t r o n  t e m p e r a t u r e  
of the o r d e r  of 7 e V ,  while the p r i m a r y  component  has  a n  
apprec i ab le  f r ac t ion  of the ene rgy  a s s o c i a t e d  with the anode 
vol tage,  The  "Maxwellian" e l ec t ron  t e m p e r a t u r e  is found to  
be e s sen t i a l ly  cons tan t  a c r o s s  the d i a m e t e r  a t  the s c r e e n  f o r  
dive rgen  t f ie ld  c onf ig u r a  t io  ns . 
1. Magnet ic  F i e l d  Var i a t ion  Studies 
A number  of magne t i c  configurat ions w e r e  exp lo red  using the i r o n  
fi l ing mapping technique desc r ibed  above  under  "Diagnostic Techniques".  
The  configurat ions displaying d i sce rn ib l e  d i f fe rences  w e r e  u s e d  in p e r -  
f o r m a n c e  t e s t s  using a 13 c m  long t h r u s t e r  c h a m b e r ,  s t a n d a r d  r e v e r s e  
propel lan t  inject ien,  and Optic A ( s e e  Table  I f o r  de t a i l s ) .  
r e p r e s e n t a t i v e  p e r f o r m a n c e  mappings of t hese  e x p e r i m e n t s  a r e  shown 
i n  F i g .  15. F i g u r e  16 g ives  " t rac ings"  of the magne t i c  f ie ld  m a p s  f o r  
f o u r  magne t i c  configurat ions with a s e t  of axial magnet ic  f ie ld  s t r eng th  
va lues  f o r  e a c h  configurat ion.  
c r e a s i n g l y  f r o m  16A to  16D, with configurat ion 16A es sen t i a l ly  a uni form 
f ie ld  configurat ion.  
i m p r o v e s  as the magnet ic  configurat ion becomes  m o r e  d ivergent .  O the r  
conf igura t ions  w e r e  t e s t ed  which employed a va r i e ty  of pole p ieces  a t  the 
ca thode  a n d  s c r e e n ;  however ,  these  expe r imen t s  provided no  addi t ional  
s ign i f icant  r e s u l t s .  If the c u r r e n t  in coi l  number  one w a s  r e v e r s e d ,  a n  
e x t r e m e l y  d ive rgen t  magnet ic  configuration could be obtained;  however ,  
t h i s  p e r m i t t e d  d i r e c t  anode intercept ion of cathode e l e c t r o n s ,  and  the 
d i s c h a r g e  could not  be sus ta ined .  Because  of the wide d i f fe rence  in both 
magni tude  a n d  shape  of the pe r fo rmance  mappings  of magne t i c  configur-  
a t i o n  16A a n d  16D, these  configurat ions w e r e  s e l e c t e d  f o r  Langmui r  probe  
d iagnos t ic  m e a s u r e m e n t s .  
The m o s t  
The magnet ic  f ie ld  l i n e s  d iverge  in-  
It is appa ren t  tha t  the p e r f o r m a n c e  of the t h r u s t e r  
I t  is wel l  know that  t h rus t e r  p e r f o r m a n c e  is improved  as  the 
magne t i c  configurat ion is m a d e  t o  d ive rge  f r o m  the cathode toward  the 
s c r e e n .  
j e c t o r i e s  of the p r i m a r y  e l ec t rons  a r e  s p r e a d  o v e r  a l a r g e r  volume of the 
d i s c h a r g e  c h a m b e r ,  t he reby  "spreading out" the p l a s m a  genera t ion  volume 
T h i s  is re la t ive ly  e a s y  to i n t e r p r e t  physical ly  because  the t r a -  
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a n d  consequent ly  causing the p l a sma  densi ty  d is t r ibu t ion  to be m o r e  uni -  
f o r m .  
of the magnet ic  f ie ld ,  if p r i m a r y  e l ec t rons  have t r a j e c t o r i e s  which i n t e r -  
s e c t  the anode .  Th i s  wil l  tend t o  ext inguish the d i scha rge .  
f i e l d  configurat ion which d i s p e r s e s  ( spa t ia l ly)  the p r i m a r y  e l e c t r o n s  is 
a l s o  capable  of lowering the ove r -a l l  p l a sma  dens i ty  without i nc reas ing  the 
probabi l i ty  that  a neut ra l  a t o m  wil l  c r o s s  the t h r u s t e r  c h a m b e r  without 
be ing  ionized. A lower  p l a sma  dens i ty  m e a n s  that t h e r e  wil l  be f e w e r  
Coulomb col l i s ions  a n d  less t r a n s f e r  of e n e r g y  between p r i m a r i e s  a n d  
secondar i e s .  Thus ,  d i s t inc t  p r i m a r y  a n d  Maxwell ian e l ec t ron ic  compo-  
nents r e m a i n  in ex is tence .  
m u m  magnet ic  configurat ion is one which d ive rges  suff ic ient ly  to d i s t r ibu te  
the primary e l e c t r o n s  m o r e  o r  less uni formly  in  the volume ad iacen t  to  
the ex t rac t ion  s c r e e n ,  ve t  p revents  d i r e c t  o r  n e a r  d i r e c t  in te rcept ion  bv 
the anode. 
It is obvious that e x t r e m e  d ivergence  will negate the confining e f fec t  
< 
A magne t i c  
' 
I t  m a y  be concluded,  t h e r e f o r e ,  that  a n  opt i -  -
Severa l  magnet ic  configurat ions t e s t ed  in  this  study (including a 
NASA LeRC SERT-I1 t h r u s t e r ,  a cusped  magne t i c  f ie ld  configurat ion,  a n d  
a rad ia l  magnet ic  configurat ion)  all exhibi t  s i m i l a r  p e r f o r m a n c e  a n d  a r e  
believed to  be  m o r e  o r  l e s s  equal ly  effect ive in d i s p e r s i n g  p r i m a r y  e l e c -  
t rons  uni formly  a c r o s s  the f ace  of the s c r e e n .  
2 .  Discharge  C h a m b e r  Length 
The  expe r imen ta l  t h r u s t e r  w a s  opera ted  with the e n t i r e  cathode 
housing a n d  d i scha rge  boundary e l e c t r o d e  cons t ruc t ed  to be cont inuously 
ad jus tab le .  
during t h r u s t e r  opera t ion ,  
of d i scharge  c h a m b e r  lengths  and  magne t i c  conf igura t ions ,  using s t a n d a r d  
r e v e r s e  propel lan t  inject ion and  Optic A .  
a p p e a r  in F i g s .  1 7  a n d  18. I t  is s e e n  that  p e r f o r m a n c e  v a r i e s  m o r e  
significantly with d i scha rge  c h a m b e r  length in a uni form magne t i c  config-  
ura t ion  (F ig .  17 )  than in  a su i tab ly  d ivergent  configurat ion ( F i g .  18).  
The  d i scha rge  c h a m b e r  length could be ad jus t ed  f r o m  4 to 2 0  c m  
P e r f o r m a n c e  mappings  w e r e  m a d e  f o r  a n u m b e r  
The m o s t  s ignif icant  r e s u l t s  
A n  addi t ional  finding is t ha t  i n  15 cm d i a m e t e r  t h r u s t e r s  the m a g -  
netic f ie ld  cannot  be m a d e  suf f ic ien t ly  d ivergent  to  provide  the above  
descr ibed ,  d e s i r e d  p l a s m a  sp read ing  if the length - t o - d i a m e t e r  r a t i o  is 
l e s s  than 0 . 4 .  
3 .  Cathode Location 
The  cathode loca t ion  e x p e r i m e n t s  w e r e  p e r f o r m e d  in a uni form m a g -  
The oxide cathode w a s  a d i r e c t l y  
netic f ie ld  t h r u s t e r  with opt ics  A ,  a d i s c h a r g e  c h a m b e r  length of 13 c m ,  
a n d  s t anda rd  r e v e r s e  propel lan t  in jec t ion .  
heated nickel m e s h ,  without hea t  sh ie ld ing ,  a n d  w a s  moun ted  on the p robe  
positioning m e c h a n i s m  s o  that  it could be posi t ioned a t  a n y  d e s i r e d  a x i a l  
o r  radial  posi t ion within the c h a m b e r .  
f o r m e d .  In the f i r s t  type,  the d i s c h a r g e  c h a m b e r  w a s  ope ra t ed  a t  cons t an t  
power and  neu t r a l  flow a n d  the e x t r a c t e d  ion b e a m  c u r r e n t  w a s  o b s e r v e d  
f o r  e a c h  cathode locat ion.  The  m a g n e t i c  f i e ld  s t r e n g t h  w a s  v a r i e d  a t  e a c h  
location, but i t  was  ineffective in  producing  addi t iona l  beam c u r r e n t  if the 
cen t r a l  f ie ld  s t r e n g t h  w a s  of the o r d e r  of 20  g a u s s  o r  m o r e .  
the r e s u l t s  of these  e x p e r i m e n t s  f o r  two va lues  of d i s c h a r g e  power .  
Two types  of e x p e r i m e n t s  w e r e  p e r -  
Tab le  VTT g ives  
A f t e r  
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i t  w a s  d i scove red  that  a n  axial locat ion i s  s u p e r i o r ,  pe r fo rmance  mappings  
w e r e  m a d e  f o r  s e v e r a l  a x i a l  locat ions.  T h e s e  r e s u l t s  a r e  shown in F i g .  19. 
In a uni form magnet ic  configuration, the b e s t  locat ion f o r  the cathode 
T h i s  is unders tandable  
F u r t h e r m o r e ,  a m o r e  c e n t r a l  locat ion (between the 
was  found to  be on the d i scha rge  chamber  a x i s  a n d  in the plane of the d i s -  
cha rge  boundarv opposi te  the ex t rac t ion  s c r e e n .  
because  a n  axial loca t ion  provides  equal  diffusion lengths  f o r  the p r i m a r i e s  
to r e a c h  the anode .  
ex t r ac t ion  s c r e e n  a n d  the opposite e l e c t r o d e )  wil l  tend to  divide the p l a s m a  
into two p la sma  reg ions  with tha t  in the vicinity of the s c r e e n  providing 
m o s t  of the ions f o r  ex t r ac t ion  a n d  the o ther  contr ibut ing only to l o s s e s .  
4. P roDellant Iniec t ion 
A s e r i e s  of expe r imen t s  w a s  p e r f o r m e d  to de t e rmine  the e f fec ts  of 
va r ious  me thods  of propel lant  injection in both a rela. t ively uni form a n d  a 
re la t ive ly  d ivergent  magne t i c  configuration. 
shown in F i g .  20. Both configurations u s e  a sof t  i r o n  cathode pole p iece  
a n d  have a n  effect ive c h a m b e r  length of approx ima te ly  10 c m .  
pel lant  injection e x p e r i m e n t s  shown h e r e  w e r e  p e r f o r m e d  with ion e x -  
t r ac t ion  opt ics  A (4870 open area).  
mappings  f o r  t h ree  m o d e s  of propel lant  inject ion.  
th rough-feed  mode  of injection is seen  to be r e l a t ive ly  poor .  
thought to r e s u l t  because  too m a n y  neu t r a l s  a r e  being fed into the c h a m b e r  
n e a r  the e l e c t r o n  s o u r c e .  
provided l i t t l e  improvemen t  i n  the p e r f o r m a n c e  while the s t anda rd  r e v e r s e  
w a s  the bes t  f o r  the magnet ic  configuration 20A. F i g u r e  22 shows that  
the opposi te  is the c a s e  f o r  a d ivergent  configurat ion such  a s  20B. In -  
jec t ion  of neu t r a l s  nea r  the point where  the magne t i c  f ie ld  l ines  in t e rcep t  
the anode  ( s t a n d a r d  r e v e r s e  feed)  i n c r e a s e s  the d i s c h a r g e  c u r r e n t  a n d  
c a u s e s  l a r g e r  d i scha rge  lo s ses .  Injection of half of the propel lan t  n e a r e r  
the d i s c h a r g e  c e n t e r  d e c r e a s e s  the d i scha rge  l o s s e s ,  while mure  un i fo rm 
dis t r ibu t ion  of the propel lan t  injection (one half a t  one th i rd  anode r ad ius ,  
one half a t  two th i rds  anode  rad ius)  g ives  bes t  pe r fo rmance .  
T h e s e  configurat ions a r e  
Al l  p r o -  
F i g u r e  21 shows the pe r fo rmance  
Th i s  is  
'l 'he d is t r ibu ted  r e v e r s e  feed consequent ly  
The fo rward  o r  
T h e s e  observa t ions  a r e  re la t ively e a s y  to i n t e r p r e t .  With a uni-  
f o r m  magnet ic  f ie ld  configurat ion,  p r i m a r y  e l e c t r o n s  ionize eff ic ient ly  
in the c e n t e r  a n d  a n y  enhanced influx of neu t r a l s  t h e r e  tends to i n c r e a s e  
the loca l  p l a s m a  densi ty .  
n e u t r a l  co l l i s ion  f requency  on and  nea r  the d i scha rge  axis. Thus,  
p r i m a r y  e l e c t r o n s  l o s e  t h e i r  energy rap id ly  to neu t r a l s  and  to the 
Maxwell ian component  of e lec t rons .  Consequent ly ,  they have lo s t  a n  
a p p r e c i a b l e  por t ion  of t he i r  energy  before  they have  diffused v e r y  far 
rad ia l ly .  
s m a l l e r ,  resu l t ing  in  a m o r e  "peaked", diffusion dominated  p l a s m a  
dens i ty  d is t r ibu t ion .  
the e n e r g e t i c  p r i m a r i e s  a r e  m o r e  o r  l e s s  evenly d i s t r ibu ted  in the volume 
ad jacen t  to the ex t r ac t ion  s c r e e n .  I t  i s  not  s u r p r i s i n g ,  t he re fo re ,  that  
p e r f o r m a n c e  is obse rved  to  improve when the propel lant  injection is a l s o  
m o r e  evenly d is t r ibu ted .  Moreove r ,  because  m o s t  of the anode c u r r e n t  
is found to be co l lec ted  in a relat ively small por t ion  of the anode n e a r  
the s c r e e n ,  i t  i s  unders tandable  that inject ion of neu t r a l s  nea r  this  l o -  
ca t ion  will  enhance  the c r o s s  f i e l d  mobi l i ty  of the e l e c t r o n s  t h e r e ,  caus ing  
a n  i n c r e a s e  in d i scha rge  c u r r e n t  with a r e su l t an t  de t e r io ra t ion  of p e r -  
f o r m a n c e .  
Th i s  leads t o  i n c r e a s e  both Coulomb a n d  
The  p l a s m a  genera t ion  volume thus becomes  relat ively 
In a t h r u s t e r  with a d ive rgen t  magnet ic  configurat ion,  
i3 
5 .  Ion Ex t rac t ion  Optics 
During the p a r a m e t e r  s tud ie s  with oxide and  hollow cathode 
t h r u s t e r s ,  it w a s  noted that  configurat ions s i m i l a r  to g e o m e t r i e s  t e s t ed  
a t  NASA LeRC gene ra l ly  gave  p o o r e r  pe r fo rmance .  The  only evident  
difference was  the ion-optical  sys t em.  Therefore ,  the type A opt ics  with 
a n  open a r e a  of 4870 w e r e  rep laced  by the NASA LeRC SERT-I1 opt ics  
(he re  labe led  type B) which have a n  open a r e a  of 7170. 
P e r f o r m a n c e  mappings  with type B opt ics  w e r e  m a d e  f o r  the m a g -  
F i g u r e  2 3  shows the r e s u l t s  of t hese  e x p e r i m e n t s  toge ther  with 
netic configurat ions 16A a n d  16D and  s t a n d a r d  r e v e r s e  propel lan t  in-  
jection. 
the mappings f o r  the s a m e  configurat ion with type A opt ics .  
appa ren t  that  instal la t ion of the type B opt ics  provides  a g r e a t e r  im- 
provement  in t h r u s t e r  p e r f o r m a n c e  than changing the magne t i c  conf igur -  
ation, a n d  that opera t ion  with the type B opt ics  is improved  only s l ight ly  
by changing f r o m  a uni form to a d ivergent  magne t i c  configurat ion.  I t  is 
in te res t ing  to note that  f o r  type A opt ics  with a g e o m e t r i c a l  open  a r e a  
4870, the r a t i o  of e x t r a c t e d  ion c u r r e n t  to  s c r e e n  c u r r e n t  is approx ima te ly  
1 .5 ,  co r re spond ing  to  about  60% "effective" open area,  if u sed  in config- 
urat ion l6D;  i t  is only 1 .2 ,  equivalent  to 5370 effective t r a n s m i s s i o n ,  f o r  
configuration 16A. 
the ra t io  of e x t r a c t e d  ion c u r r e n t  t o  s c r e e n  c u r r e n t  w a s  found to  be 
approximate ly  7 (or  87. 570 effect ive open area) f o r  e i t h e r  magne t i c  con-  
figuration. 
I t  i s  
Type B opt ics  has a g e o m e t r i c a l  open a r e a  of 7170, and  
The  change in ion opt ics  f r o m  low to high t r a n s m i s s i o n  or iginal ly  
w a s  not m e a n t  to  be p a r t  of the d i scha rge  study. 
grade the ove r -a l l  t h r u s t e r  p e r f o r m a n c e  unde r  u s e  of the l a t e s t  SERT-I1  
components .  Ana lys i s  of Langmui r  probe  data d i sc losed ,  however ,  that  
the ion optical  configurat ion is of m a j o r  impor t ance  to the d i s c h a r g e  
I t  w a s  intended to  up- 
p rope r t i e s .  Indeed,- we  found that  ion opt ical  modi f ica t ions  c a n  l e a d  to  
m o r e  s ignif icant  changes  in d i s c h a r g e  behavior  than does  the t r ans i t i on  
f rom uni form to d ivergent  B-field.  
pe r fo rmance  changes .  
4870 open a r e a  to one with 7170 open area improved  the p e r f o r m a n c e  of a 
uniform magnet ic  f ie ld  t h r u s t e r  f r o m  254 e V / i o n  to 178 e V / i o n  ( 9 0 %  
propel lant  uti l ization).  I n  c o n t r a s t ,  the change  f r o m  a un i fo rm to  a 
divergent  magnet ic  configurat ion reduced  the e n e r g y  expendi ture  m o r e  
modes t ly  f r o m  254 e V / i o n  to  210 eV/ ion .  
T h i s  is r e f l ec t ed  in the obse rved  
The  t r ans i t i on  f r o m  a n  ion opt ical  s y s t e m  with 
L a r g e  p e r f o r m a n c e  improvemen t s  a s s o c i a t e d  with ion  opt ica l  
changes w e r e  r e p o r t e d  a l s o  by R. T .  Bechtel '  a n d  by T.  D. M a s e k  a n d  
E. V. Pawlik.  
t o  280 eV/ ion  (8070 propel lan t  ut i l izat ion) ,  a n d  f r o m  540 e V / i o n  to  
130 eV / ion  ( 9 0 %  propel lan t  ut i l izat ion)  r e spec t ive ly .  
In  t h e i r  c a s e s  the p e r f o r m a n c e  improved  f r o m  570 e V / i o n  
T h e s e  th ree  t h r u s t e r s  d i f fe r  i n  m a n y  r e s p e c t s ,  including t h r u s t e r  
s i ze ,  p rope l lan t  inject ion mode ,  a n d  cathode type.  
common that the i m p r o v e m e n t s  a r e  a s s o c i a t e d  with ion  opt ical  changes  
toward higher  t r a n s p a r e n c y  f o r  e i t h e r  ions o r  neut ra l  a t o m s  o r  f o r  both. 
The re fo re ,  in a l l  c a s e s  the n u m b e r  of n e u t r a l s  r e t u r n e d  into the d i s c h a r g e  
is reduced. 
change in neut ra l  backsca t t e r  r e s u l t s  in s ign i f icant  changes  of the a f o r e -  
However ,  they have in  
L a n g m u i r  p robe  m e a s u r e m e n t s  have d i sc losed  that  this  
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ment ioned  c r i t i c a l  p l a s m a  proper t ies .  The  changes  cons i s t  of 
1. A p l a s m a  potential  dis t r ibut ion which inhibi ts  r ad ia l  ion loss 
and  the reby  enhances  ion ex t r ac t ion  
2 .  A l o w e r  o v e r - a l l  p lasma dens i ty  
3 .  L e s s  exchange of ene rgy  f r o m  p r i m a r y  to Maxwell ian e l e c -  
t r o n s ,  resu l t ing  in lower e l e c t r o n  t e m p e r a t u r e s .  
With low ion optical  t r a n s m i s s i o n  (i.  e .  with high neut ra l  back-  
s c a t t e r ) ,  a c e n t r a l  potential  r idge extends along the d i scha rge  a x i s .  In  
t e r m s  of the d i scha rge  mode l  desc r ibed  in Sect ion 111-A th is  can  be e x -  
plained as  the r e s u l t  of excess ive  ionic space  cha rge .  
l e s s  mobi le  than e l e c t r o n s ,  they accumula te  until  t h e i r  space  c h a r g e  
f ie lds  d r ive  them out a t  r a t e s  f o r  which product ion and  l o s s e s  a r e  balanced.  
Because  ions a r e  
With high ion optical  t r ansmiss ion  the c e n t e r  r idge  i s  d e c r e a s e d  
and  a smaller r idge  n e a r  the anode becomes  prominent .  
d e c r e a s e  in height of the c e n t e r  r idge to the smaller r a t e  of neut ra l  
backsca t t e r  f r o m  the ion opt ical  sys t em atid the a s s o c i a t e d  s m a l l e r  r a t e  
of ion genera t ion  i n  the d i scha rge  volume. 
w h i c h  p x i s t s  i n  hoth s i t i i a t i o n s ;  i s  n o t  fi i l ly i inderstood. I t  is poss ib le  that  
i t  r e s u l t s  f r o m  the f in i t e  e l ec t ron  cyc lo t ron  d i a m e t e r .  If a n  e l e c t r o n  
r e a c h e s  within one cyc lo t ron  d i ame te r  of the anode ,  i t  is quickly i n t e r -  
cep ted .  
anode  is deple ted  of e l ec t rons  and the resu l t ing  e x c e s s  of ions m a y  c a u s e  
the obse rved  potent ia l  hump.  
We a t t r i b u t e  the 
T h e  c a u s e  f o r  the anode r idge ,  
T h e r e f o r e ,  a l a y e r  one cyclotron d i a m e t e r  thick next to  the 
In  a n y  c a s e ,  the two different  potent ia l  d i s t r ibu t ions  l e a d  to s i g -  
With 
T h e s e  neu t r a l s  rebound into the d i scha rge  and  eventua l ly  
nificantly d i f fe ren t  ion flow pa t te rns  With a predominant  anode r idge ,  
ions are  confined rad ia l ly  a n d  m u s t  leave  in  both axial d i rec t ions .  
a high c e n t e r  r idge ,  however ,  many ions wil l  r e a c h  the anode and  lose 
t h e i r  cha rge .  
become  ionized aga in .  Neu t ra l s  which rebound f r o m  a r e a s  ad jacen t  to  
the ex t r ac t ion  s c r e e n  have a high probabi l i ty  f o r  e s c a p e  through the 
s c r e e n .  A s  i s  pointed out  in Section TTI-A# the p l a s m a  dens i ty  m u s t  be 
~I iade  excess ive ly  high t o  prevent theii- 1053. 
f o r e ,  that  i n  the c a s e  of high ion optical  t r a n s m i s s i o n  propel lan t  u t i l i -  
- za t ion  comparab le  to  that  f o r  low t r a n s m i s s i o n  can  be obtained with 
p l a s m a  dens i t i e s  which a r e  lower  by a f ac to r  --- of 2 to  5. 
that  this  should m a k e  i tself  felt i n  reduced  d ischarge- losses> The sav ing  
should r e s u l t  f r o m  both a d e c r e a s e  in the number  of r e q u i r e d  ionizat ions 
a n d  a d e c r e a s e  in  the t r a n s f e r  of p r i m a r y  e l e c t r o n  6-nergy to Maxwell ian 
e l e c t r o n s  through Coulomb col l is ions.  
li is iiot uiiexpeeted, there-  
I t  is  obvious 
F ina l ly ,  the a b s e n c e  of rebounding n-:utrals a l s o  can  be he ld  
responib le  f o r  a s m a l l e r  difference i n  p e r f o r m a n c e  between uni form a n d  
d ive rgen t  magnet ic  configurat ions i f  high t r a n s m i s s i o n  opt ics  a r e  u s e d ,  
Without these  n e u t r a l s ,  l e s s  ionization takes  place a t  the l a r g e r  r a d i i  
n e a r  the s c r e e n ,  Consequent ly ,  even with a diverging magnet ic  f ie ld  
conf igura t ion  the p l a s m a  dens i ty  sheuld drop  off radial ly  (as conf i rmed  
by L a n g m u i r  probe  da ta) .  Accordingly,  similar p e r f o r m a n c e  m a y  be 
expec ted  f o r  u ~ i f ~ r z r :  a n d  divergirig field cnnfinurat ions.  
15 
b 
6.  Diagnost ics  
L a n g m u i r  p robe  m e a s u r e m e n t s  w e r e  made in the t h r u s t e r  config- I 
ura t ions  whose  p e r f o r m a n c e  mappings  a r e  shown in F i g .  23. The  r e s u l t s  ~ 
of these p robe  m e a s u r e m e n t s  a r e  shown a s  th ree -d imens iona l  plots  in 
F i g s .  24 through 29, w h e r e  the ve r t i ca l  coord ina te  is u s e d  f o r  p l a s m a  
densi ty ,  no rma l i zed  plasma potent ia l ,  o r  the Maxwell ian e l e c t r o n  t e m p e r a -  
tu re .  The  p r o b e  m e a s u r e m e n t  technique is d e s c r i b e d  in Sec t ion  I b B .  
The  p robe  m e a s u r e m e n t s  made in the t h r u s t e r  c h a m b e r  using type A 
optics w e r e  p e r f o r m e d  qui te  e a r l y  i n  the con t r ac t ,  wi th  a point-by-point 
data co l lec t ion  technique. 
acquis i t ion  of the individual p robe  c u r v e s ,  the  da ta  a r e  m o r e  s c a t t e r e d  
than those  co l lec ted  m o r e  recent ly  with a f a s t ,  s emiau tomat i c  da ta  re- 
cording technique. 
data  points ,  have  t h e r e f o r e  been smoothed  in  a n  e f fo r t  to produce  wha t  
may be cons ide red  to be "most  plausible"  d is t r ibu t ions .  F i g u r e s  24  
through 26 c o m p a r e  p l a s m a  dens i ty  d is t r ibu t ion ,  no rma l i zed  p l a s m a  
potential ,  a n d  Maxwel l ian  e l e c t r o n  t e m p e r a t u r e ,  f o r  magne t i c  config- 
ura t ions  16A a n d  16D when ope ra t ed  with type A opt ics .  
f r o m  F i g .  24  that  the d ivergent  magne t i c  configurat ion e l imina te s  the 
cen t r a l  "peak" in  the spa t ia l  p l a s m a  dens i ty  d is t r ibu t ion ,  i n c r e a s e s  the 
p l a sma  dens i ty  n e a r  the s c r e e n ,  a n d  the reby  r e n d e r s  the p l a s m a  dens i ty  
m o r e  uni form spat ia l ly .  
difference between the p l a s m a  potential  d i s t r ibu t ions  f o r  the two magne t i c  
configurat ions,  tha t  the plasma potent ia l  is  e s s e n t i a l l y  cons t an t  th rough-  
out  the d i scha rge  c h a m b e r ,  a n d  tha t  i t  i s  app rec i ab ly  above  anode  potent ia l  
with s l igh t  g rad ien t s  i n  the d i r ec t ions  of the ex t r ac t ion  s c r e e n  a n d  the 
anode. I t  is somewha t  i naccura t e  to  d e s c r i b e  the plots  of F i g .  26 as  
"Maxwellian" e l e c t r o n  t e m p e r a t u r e .  L a n g m u i r  p robe  c h a r a c t e r i s t i c s  
indicate  tha t  t h e r e  a r e  no  d is t inc t  p r i m a r y  a n d  Maxwel l ian  e l ec t ron ic  
components  in  the c e n t r a l  reg ions  of the d i s c h a r g e  c h a m b e r .  
t r ibut ions h e r e  c a n  a t  b e s t  be called "near"-Maxwell ian.  Consequent ly ,  
the t e m p e r a t u r e s  which  a r e  shown i n  F i g .  26 a n d  which  have been de-  
r ived f r o m  s lopes  "best  f i t t ing ' '  the s e m i l o g a r i t h m i c  p r o b e  c u r v e s  m u s t  
be taken with s o m e  caut ion.  T h e  m a i n  p u r p o s e  h e r e  w a s  to show tha t  
a v e r a g e  e l e c t r o n  e n e r g y  is somewha t  l o w e r  in a d ivergent  m a g n e t i c  
configuration a n d  tha t  the in te rac t ion  between p r i m a r y  a n d  ionizat ion 
product  e l e c t r o n s  i s  d e c r e a s e d  i n  the d ive rgen t  configurat ion.  
2 7  through 29 c o m p a r e  the s a m e  quant i t ies  f o r  configurat ion 16A a n d  
16D with type B opt ics .  
p rope r t i e s  a r e  s ignif icant ly  d i f fe ren t  f r o m  those  of the t h r u s t e r  o p e r a t e d  
with type A opt ics ,  w h e r e a s  the d i f f e rences  s e e n  between conf igura t ion  
16A a n d  16D using the type B opt ics  a r e  r e l a t ive ly  insignif icant ,  F i g u r e  
2 7  shows that  in  both magne t i c  conf igura t ions  the p l a s m a  dens i ty  h a s  a 
diffusion dominated  d is t r ibu t ion  a n d  is l o w e r  in dens i ty  by a t  l e a s t  a 
f ac to r  of two than in  the same conf igura t ion  o p e r a t c d  wi th  the type A 
optics.  F i g u r e  2 8  shows,  r e l a t ive ly  l i t t l e  d i f fe rence  between magne t i c  
configurat ions,  but a n  e s s e n t i a l  d i f f e r e n c e  i n  pote n t i i l  d i s t r ibu t ion  f r o m  
that o b s e r v e d  with the type A opt ics .  The  p l a s m a  potential  wi th  the type 
B optics i s  s e e n  t o  be lower  in g e n e r a l  a n d  to fall Even below anode  
potential n e a r  the s c r e e n .  
to form a potential  b a r r i e r  f o r  ions .  
dis t r ibut ion with type B opt ics  should  bc-: fa.r s u p e r i o r  in  t rapping  ions a n d  
Since cons ide rab le  t ime  e l apsed  dur ing  
The  c u r v e s  in  F i g s .  24  through 26, which l ink  the 
I t  i s  a p p a r e n t  
F i g u r e  25 shows tha t  t h e r e  is no  e s s e n t i a l  
T h e  d i s -  
F i g u r e s  
I t  i s  immedia t e ly  obvious that all t h r e e  p l a s m a  
In addi t ion ,  the potent ia l  r i s e s  n e a r  the  anode  
Consequet l t ly ,  the plasma p o t e n x  
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es tab l i sh ing  a n  ion d r i f t  toward the ex t r ac t ion  s c r e e n .  F ina l ly ,  F i g .  29 
shows the spa t i a l  e n e r g y  dis t r ibut ion of the Maxwell ian p l a s m a  e l e c t r o n s  
with type B opt ics .  I t  c a n  be seen  that  the t e m p e r a t u r e  d is t r ibu t ion  is 
s l ight ly  d i f fe ren t  f o r  the two magnet ic  configurat ions,  which probably  
accounts  f o r  the small d i f f e rence  in obse rved  t h r u s t e r  pe r fo rmance .  
Since the Maxwell ian e l ec t rons  m u s t  ga in  e n e r g y  through co l l i s ion  with 
p r i m a r i e s ,  the d is t r ibu t ion  of t e m p e r a t u r e s  s e e n  in F ig .  29 points ou t  the 
reg ions  of the d i scha rge  chamber  in which p r i m a r y  and  Maxwell ian i n -  
t e r a c t  m o s t  s t rongly .  In  the divergent  magnet ic  configurat ion,  the 
p r i m a r y  e l e c t r o n s  a r e  d is t r ibu ted  i n  a re la t ive ly  l a r g e  volume in the 
vicinity of the s c r e e n  and  the Maxwellian e l e c t r o n  t e m p e r a t u r e  is s e e n  
to  be re la t ive ly  m o r e  uniform a n d  l o w e r  than in the uni form magne t i c  
configurat ion.  In  the l a t t e r  configuration the p r i m a r i e s  a r e  confined 
m o r e  to the axis. 
on the d i scha rge  axis a n d  d e c r e a s e  in the r ad ia l  d i rec t ion .  
The Maxwellian t e m p e r a t u r e s  a r e  t h e r e f o r e  h ighes t  
E. HOLLOW CATHODE THRUSTER 
The following investigations w e r e  conducted with the dual ob-  
j ec t ives  of improving the understanding of the t h r u s t e r  d i s c h a r g e  a n d  
opt imizing p e r f o r m a n c e :  
i .  
2 .  
3. 
a study oi hoiiow cathode d i scha rge  opera t ion  
a s tudy of the in te r face  between hollow cathode a n d  
d i s c h a r g e  p l a sma  
a p a r a m e t r i c  a n d  diagnost ic  s tudy of the d i s c h a r g e  plasma. 
Excep t  f o r  the hollow cathode diode t e s t s ,  all s tud ie s  to be r e -  
p o r t e d  h e r e  w e r e  conducted with a n  expe r imen ta l  t h r u s t e r  of the type 
=sed in the oxide cathode t h r u s t e r  s tud ies .  This  t h r u s t e r  (No.  2)  w a s  
des igned  to fac i l i t a te  va r i a t ions  of magne t i c  f ie ld  s t r e n g t h  a n d  shape ,  
d i s c h a r g e  c h a m b e r  length,  a n d  location of propel lan t  introduct ion.  In  
addi t ion ,  p rovis ion  w a s  m a d e  to  p e r m i t  i n se r t ion  of L a n g m u i r  p r o b e s  
into the d i scha rge  reg ion  a n d  t o  moni tor  s epa ra t e ly  c u r r e n t s  co l lec ted  
by the  s c r e e n  e l ec t rode ,  cathode housing, a n d  s e v e r a l  anode  segmen t s .  
1 
I. i i v i iow Cathode Diode Expe r imet i ts  
A t  the beginning of this  con t r ac t  only l imi t ed  knowledge w a s  
ava i l ab le  about  the opera t ion  of hollow ca thodes  in t h r u s t e r  d i s c h a r g e s .  
I t  w a s  cons ide red  likely that  in  15 c m  and  l a r g e r  d i a m e t e r  t h r u s t e r s ,  
w h e r e  the d i scha rge  c u r r e n t  exceeds  abou t  lA ,  hollow ca thodes  ope ra t e  
in  the "spot" mode .  This  conclusion w a s  based on diode e x p e r i m e n t s  in  
which  a n  a b r u p t  t rans i t ion  occur s  f r o m  "plume" to "spot" m o d e  when the 
c u r r e n t  exceeds  about  0 . 8  A ,  
A s e p a r a t e  expe r imen t  was s e t  up in  a small vacuum fac i l i ty  
wi th  the dual  ob jec t ives  of be t t e r  understanding the hollow cathode d i s -  
c h a r g e  p l a s m a  and  de termining  the conditions under  which cathode t ip  
spu t t e r ing  would take p l ace ,  The ro le  of the keepe r  in  reducing  s p u t t e r -  . L L L 5  ..- w a s  cons ide red  of p a r t i c u l a r  i r , t e res t ,  
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The expe r imen ta l  a r r a n g e m e n t  is shown schemat i ca l ly  in F ig .  30. 
The anode a n d  Langmui r  probe  w e r e  independently movable .  
posit ion w a s  mon i to red  with m i c r o m e t e r  heads ;  these  p rec i s ion  gauges  
w e r e  inco rpora t ed  because  it w a s  an t ic ipa ted  tha t  s ignif icant  changes  of 
the p l a sma  p r o p e r t i e s  migh t  o c c u r  ove r  ve ry  s h o r t  d i s t ances  in the 
nar rowly  confined space  between cathode t ip and  k e e p e r  e l e c t r o d e s .  
T h e i r  
The sput te r ing  m e a s u r e m e n t s  w e r e  deemed  inconclusive a f t e r  it 
w a s  found t h a t  i n  spo t  mode  opera t ion  in  the t h r u s t e r ,  only ions f r o m  the 
t h r u s t e r  d i scha rge  have suff ic ient  ene rgy  to  cause  s p u t t e r  e ros ion .  T h e r e -  
f o r e ,  pe r t inen t  sput te r ing  r e s u l t s  w e r e  not obtained in the absence  of a 
t h r u s t e r  d i s c h a r g e ;  the data  co l lec ted  on Sput ter ing a p p e a r  in  the data  book. 
Cons iderably  m o r e  meaningful  r e s u l t s  w e r e  obtained f r o m  
Langmuir  p robe  m e a s u r e m e n t s .  
cone extends between cathode t ip a n d  anode  in the spot  mode .  The p l a s m a  
densi ty  d e c r e a s e s  monotonical ly  with d is tance  f rom the cathode,  the e l e c -  
t ron  t e m p e r a t u r e  i s  cons tan t  (about  0 .8  eV) ,  a n d  the p l a s m a  potent ia l  is 
level a t  about  12  V above cathode potential .  ( V e r y  similar p r o p e r t i e s  a r e  
observed  in thruster opera t ion .  
between cathode t i p  a n d  baffle and  is about  13 to 14 V above  cathode PO- 
tential .  ) 
They r evea led  that  a n  invis ible  p l a s m a  
In p a r t i c u l a r ,  the p l a s m a  potent ia l  i s  level  
These  diode m e a s u r e m e n t s  w e r e  conducted only within a s h o r t  
d i s tance  of the cathode,  s ince  they w e r e  planned to  give informat ion  about  
the effect  of the keepe r .  
influence the hollow cathode p l a s m a .  
ma tch  those with k e e p e r  i n  place.  
I t  w a s  found that the k e e p e r  does  not s ignif icant ly  
Da.ta obtained with the k e e p e r  r emoved  
Seve ra l  conclusions m a y  be drawn f r o m  these  obse rva t ions :  
1. 
2 .  
3 .  
E l e c t r o n s  injected into the d i scha rge  p l a s m a  f r o m  the hollow 
cathode r eg ion  p o s s e s s  a kinet ic  e n e r g y  which i s  s m a l l e r  by 
about  12 to  13 eV than the e n e r g y  equivalent  of the f u l l  d i s -  
cha rge  potent ia l .  Accord ingly ,  p r i m a r y  e l e c t r o n s  in hollow 
cathode t h r u s t e r s  a r e  cons ide rab ly  less e n e r g e t i c  than those -
in oxide cathode th rus  te r s 
A f r a c t i o n  of input power ,  approx ima te ly  equal  to  the product  
of d i scha rge  c u r r e n t  a n d  hollow cathode p l a s m a  potent ia l ,  1s 
consumed by the hollow cathode d i s c h a r g e  a n d  s e r v e s  to hea t  
the hollow cathode 
Ions f r o m  the hollow ca thode  p l a s m a  impac t  on the hollow 
cathode body with k ine t ic  e n e r g i e s  on the o r d e r  of 13 to 14 eV,  
which is below the m i n i m u m  e n e r g y  f o r  spu t t e r  e r o s i o n  by 
m e r c u r y  ions .  T h e r e f o r e ,  ions f r o m  the t h r u s t e r  d i s c h a r g e  
p l a s m a  m u s t  c a u s e  cathode t ip  spu t t e r ing -  -
2 .  Plasma In te r f ace  Stud_y 
The in t e r f ace  between d i s c h a r g e  a n d  hollow cathode p l a s m a s  w a s  
s tudied with e x p e r i m e n t a l  t h r u s t e r  No .  2 i n  the 5 ft  vacuum fac i l i ty .  
p a r a m e t r i c  invest igat ion of va r ious  baff le  a n d  cathode housing configurationE 
w a s  conducted ini t ia l ly .  
ex is tence  of two s e p a r a t e  p l a sma  ins ide  a n d  outsidk the cathode housing,  
A 
L a n g m u i r  p robe  m e a s u r e m e n t s  r evea led  thc 
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a n d  magnet ic  f ie ld  t r ac ing  d isc losed  a magnet ic  b a r r i e r  a t  the in t e r f ace .  
I t  thus became c l e a r  that the baffle a n d  cathode housing, which s e p a r a t e  
hollow cathode and  d i s c h a r g e  p l a smas ,  m u s t  be des igned  s o  that the 
impedance f o r  e l e c t r o n  outflow is sufficiently high to p reven t  "flooding" 
of the d i scha rge  c h a m b e r  by p r i m a r y  e l ec t rons .  
in  F i g .  31 show how the e l ec t ron  c u r r e n t  i n c r e a s e s  a n d  the d i scha rge  
voltage d e c r e a s e s  while the baffle is moved in a d i r ec t ion  w h e r e  i t  p r o -  
v ides  a lower  impedance to e l ec t ron  flow. F i g u r e  32 shows the depend-  
ence  of t h r u s t e r  p e r f o r m a n c e  on baffle posi t ion a n d  m a k e s  c l e a r  that in 
SERT-I1 type configurat ions with a magnet ic  housing a n d  nonmagnetic 
baffle the impedance r e s u l t s  f r o m  a combinat ion of g e o m e t r i c a l  a n d  m a g -  
net ic  obstruct ion.  
M e a s u r e m e n t s  p re sen ted  
It is useful to  c o m p a r e  these findings with the r e s u l t s  obtained 
e a r l i e r  a t  NASA LeRC with SERT-I1 type configurat ions.  W e  believe that 
the data  of R .  T .  Bechte l ,  G. A .  Csiky,  a n d  D. C. B y e r s 3  on baffle s i z e  
suppor t  o u r  content ion of a changing impedance f o r  e l e c t r o n  passage  into 
the d i scha rge .  T h e s e  a u t h o r s  found a s y s t e m a t i c  i n c r e a s e  in the r a t i o  
between d i scha rge  voltage and  d i scha rge  c u r r e n t  as  the baffle w a s  in-  
c r e a s e d .  A t  the s a m e  t ime ,  t h r u s t e r  p e r f o r m a n c e  improved .  Indeed, 
Bechte l ,  e t  a l . ,  obtained the bes t  pe r fo rmance  with a baffle which is 
l a r g e r  than that of the SERT-II .  
unde r  this  con t r ac t .  
a m a - g ~ p f i c  f ie ld  rnnf igi i rnt inn v e r y  s i m i l a r  to that  of  the  SERT-IT t h r u s t e r :  
could  equal  the p e r f o r m a n c e  of the SERT-11; however ,  it fell s h o r t  of the 
p e r f o r m a n c e  a t t a ined  m o r e  recent ly  by Bechte13 with a "modified" SERT-I1 
configurat ion ( s e e  F i g .  48, which w i l l  be d i s c u s s e d  l a t e r ) .  
-- 
The l a t t e r  w a s  u s e d  in nea r ly  all s tud ies  
This  explains  why our  expe r imen ta l  t h r u s t e r ,  with 
T h e  r e s u l t s  of the p l a s m a  in te r face  s tud ie s  c a n  be  s u m m a r i z e d  
as  fol lows:  
1 .  A p l a s m a  shea th  approximate ly  1 . 5  cm thick extends a c r o s s  
the openings between baffle and cathode housing. 
within the shea th  r i s e s  f r o m  about  13 V on the inside to  d i s -  
c h a r g e  Dlasma Dotential on the outs ide .  
The  potential  
2 ,  If baffle a n d  cathode housing a r e  both nonmagnet ic ,  the bes t  
t h r u s t e r  p e r f o r m a n c e  is obtained when the baffle is  loca ted  
h r  back iti the cathode hoiisiiig. 
3 .  If a nonmagnetic baffle a n d  a magnet ic  cathode housing a r e  
used ,  b e s t  pe r fo rmance  is obtained with the baffle loca ted  
a c r o s s  the open end of the housing. 
4 .  A s  the baffle is m o v e d a w a y  f r o m  the opt imum posi t ion,  the 
d i s c h a r g e  " impedance" ( r a t i o  of d i scha rge  voltage to d i scha rge  
c u r r e n t )  d e c r e a s e s  
We believe that  the ' Impedance ' '  provided by baffle and  magnet ic  
f i e ld  s e r v e s  to s t ab i l i ze  e l e c t r o n  flow through the d i s c h a r g e .  In Sect ion 
111-A w e  show tha t  diffusion of e l ec t rons  a c r o s s  the d i scha rge  p l a s m a  to 
the anode is  governed  by Coulomb col l i s ions ,  w h e r e  the diffusion r a t e s  
a r e  inve r se ly  proportlena! to the squzlre root  of the electror?  er ,ergy.  
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Accordingly,  a s  the d i scha rge  potential  is d e c r e a s e d  a n d  the e l e c t r o n  
energy  d r o p s ,  the d i scha rge  c u r r e n t  tends t o  r i s e .  Hence ,  the d i s c h a r g e  
p lasma h a s  a n  impedance  c h a r a c t e r i s t i c  with negative s lope.  
p rac t ica l ly  infinite supply of e l e c t r o n s  f r o m  the hollow cathode,  the d i s  - 
charge  the re fo re  tends to  draw excess ive  c u r r e n t s  un le s s  a s tabi l iz ing 
posit ive impedance  is introduced.  
s e r v e s  this  purpose .  
I 
I 
With a 
The  obs t ruc t ion  provided  by the baffle 
In the c a s e  of a nonmagnet ic  baffle with nonmagnet ic  housing, 
hollow cathode e l e c t r o n s  find it i nc reas ing ly  difficult  to p a s s  into the d i s -  
charge  p l a s m a s  as  the baffle is moved  back into the housing. A d e c r e a s e  
in  t r ansmi t t ed  e l e c t r o n  c u r r e n t  l e a d s  to  a n  i n c r e a s e  i n  d i scha rge  potent ia l  
and  m o r e  ene rge t i c  e l ec t rons .  T h e s e  ionize m o r e  eff ic ient ly ,  and  p e r -  
f o rmance  improves .  
In the c a s e  of a nonmagnet ic  baffle with magne t i c  housing, p e r -  
fo rmance  is  bes t  with the baffle mounted  a c r o s s  the open end of the 
housing; this  sugges t s  that  in this posi t ion the e l e c t r o n s  a r e  obs t ruc t ed  
m o s t  s eve re ly .  Magnet ic  f ie ld  mappings  (see F i g .  3 6 ,  f o r  example )  have  
d isc losed  that e l e c t r o n s  m u s t  c r o s s  magnet ic  f ie ld  l i nes  in o r d e r  to  r e a c h  
the d i scha rge  p l a sma .  
3 .  Discha rge  Plasma Studies  
A l l  invest igat ions of hollow cathode t h r u s t e r  d i s c h a r g e s  w e r e  
conducted with expe r imen ta l  t h r u s t e r  No .  2 in  e i t h e r  a 5 o r  a 9 ft  vacuum 
faci l i ty ,  a n d  all m e a s u r e m e n t s  w e r e  obtained while  a n  ion beam w a s  
drawn. P e r f o r m a n c e  data  w e r e  taken only a f t e r  the neu t r a l  flow had 
been s tab i l ized  f o r  s e v e r a l  hour s .  
Because  e x p e r i m e n t s  with the oxide cathode t h r u s t e r  had a l r e a d y  
provided the n e c e s s a r y  informat ion  about  a number  of p a r a m e t e r s ,  in -  
cluding length of the d i scha rge  c h a m b e r ,  cathode posi t ion,  a n d  loca t ion  of 
propel lant  introduct ion,  much  of the hollow cathode t h r u s t e r  e f fo r t  w a s  
devoted to  
1. 
2. 
a p a r a m e t r i c  magne t i c  f ie ld  s tudy  
a d iagnos t ic  s tudy of the d i s c h a r g e  p l a s m a s  obtained with 
uni form a n d  d ive rgen t  magne t i c  f i e lds  a n d  with high ion 
opt ica l  t r a n s m i s  s ion. 
Bas ica l ly ,  this  p a r a m e t r i c  s tudy  involved t h r e e  s t e p s .  Ini t ia l ly ,  
the magnet ic  f ie lds  w e r e  shaped  us ing  so lenoids  only. 
pieces  w e r e  then added .  F ina l ly ,  s c r e e n  pole p i eces  w e r e  a l s o  included. 
During the magne t i c  f ie ld  s tudy  the ion opt ical  s y s t e m  w a s  upgraded  f r o m  
4870 open a r e a  ( type  A opt ics )  to 7170 open a r e a  ( type B opt ics )  f o r  be t t e r  
over -a l l  p e r f o r m a n c e .  Only l a t e r  w a s  the a s s o c i a t e d  fundamenta l  change 
in d ischarge  p r o p e r t i e s  r ea l i zed .  Accord ingly ,  the r e s u l t s  of the e a r l y  
phases ,  when low t r a n s m i s s i o n  op t i c s  w e r e  u s e d ,  a r e  not fully cons i s t en t  
with s o m e  of the l a t e r  f indings.  
Cathode pole 
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We p r e s e n t  the r e s u l t s  by proceeding f r o m  a uni form magnet ic  
f ie ld  configurat ion toward increas ingly  shaped  f ie ld  g e o m e t r i e s .  
as  the f ie ld  l i nes  begin to d iverge  in the d i rec t ion  of the s c r e e n ,  p e r -  
fo rmance  improves  ( s e e  F i g .  3 3 ) .  
oxide cathode t h r u s t e r s  and ,  undoubtedly f o r  the same r e a s o n s ,  the d i s -  
t r ibut ion in p l a s m a  dens i ty  and  e l ec t ron  t e m p e r a t u r e  became  m o r e  uni- 
f o r m .  
added.  
p rev ious ly  d e s c r i b e d  i n c r e a s e  in baffle impedance ;  with a magnet ic  
cathode housing, e l e c t r o n s  f i n d  i t  h a r d e r  to e n t e r  the d i s c h a r g e ,  which 
r e s u l t s  i n  a h igher  d i scha rge  potential  a n d  the re fo re  in b e t t e r  p e r f o r m -  
ance .  Th i rd ,  addi t ion of a s c r e e n  pole p iece  to r e n d e r  the f ie ld  d i s t r i -  
bution s t i l l  m o r e  diverging i n  the expe r imen ta l  t h r u s t e r  does  not improve  
p e r f o r m a n c e  (see F ig .  37) .  In  fact ,  too m u c h  s p r e a d  r e s u l t s  in d e t e r i o r -  
a t i o n  of the pe r fo rmance .  
i n c r e a s e s  with increas ing  f ie ld  sp read  and  the d i s c h a r g e  voltage becomes  
l o w e r ,  indicating that e l e c t r o n s  can now r e a c h  the anode too eas i ly .  
F i r s t ,  
The s a m e  r e s u l t  w a s  obtained with 
P e r f o r m a n c e  improves  st i l l  f u r t h e r  as  a cathode pole p iece  is 
We believe that this  improvement  r e s u l t s  p r i m a r i l y  f r o m  the 
-
This  r e su l t s  because  the d i scha rge  c u r r e n t  
The  change f r o m  4870 t o  7170 opt ical  open a r e a  r e s u l t s  i n  a s ignif i -  
can t  improvemen t  in pe r fo rmance ,  as  can  be s e e n  in  F ig .  41. Langmui r  
p r o b e  m e a s u r e m e n t s  of the configuration shown in F i g .  43 r evea led  the 
same potent ia l  r idge ( s e e  F i g . 4 4 )  n e a r  the anode as  is found in oxide 
ca thode  t h r u s t e r s  with high t r a n s m i s s i o n  opt ics .  T h e r e f o r e ,  we bel ieve 
that  the explanat ion f o r  the pe r fo rmance  improvement ,  given in  Sect ion 
t r a n s m i s s i o n  opt ics  the difference in  pe r fo rmance  between uni form a n d  
d ive rgen t  magnet ic  f ie ld  configurat ions becomes  re la t ive ly  small. 
T T - E ,  ~ p ~ l i p p  tc  the  n y a a n n t  P D C E P  2 c  <::pll-  F q ~ y t h ~ - ) - n c r ~ ,  ~7:ith h;mh r ------ ---- -- ---e-- -- 
A n  in t e re s t ing  observa t ion  c a n  be m a d e  a t  this  point concerning 
the magnet ic  configuration. 
pole p i ece ,  but op t imum pe r fo rmance  r e s u l t s  when the magne t  windings 
a re  ope ra t ed  to  produce a re la t ive ly  uni form magnet ic  configuration. 
Accord ing  to the oxide cathode th rus t e r  s tud ie s ,  this  is plausible  because  
configurat ion 42 employs  "s tandard r e v e r s e "  propel lan t  injection, a n  
inject ion mode  which is su i ted  only f o r  un i form magne t i c  configurat ions 
s t u d i e s S 2  i t  m u s t  be cons ide red  that h i s  e f for t  w a s  to opt i -  
miza t ion  a t t e m p t s  with a permanent  magne t  t h r u s t e r ,  while o u r s  u sed  
e l e c t r o m a g n e t s  a n d  pole p i eces .  With this  i n  mind ,  o u r  findings c o r -  
r e l a t e  wel l  with those of Bechtei .  His p a r a m e t e r  s tudy  of the s c r e e n  
c o l l a r  length shows a d e c r e a s e  i n  p e r f o r m a n c e  as  the length exceeds  a n  
op t imum value.  We bel ieve tha t  this is the r e s u l t  of a n  excess ive ly  
d iverg ing  f ie ld  w h e r e  f ie ld  l i n e s  f r o m  the cathode pole piece p a s s  through 
the anode  to the c o l l a r  a n d  c a u s e  d i r e c t  in te rcept ion  of p r i m a r y  e l e c t r o n s  
by the anode.  
v i r t u a l  po les  of the pe rmanen t  magnets  a r e  uncovered  a n d  s t rong  loca l  
f i e lds  aga in  a t t r a c t  p r i m a r y  e l ec t rons  to the anode.  
s ign i f icant  p e r f o r m a n c e  change with var ia t ions  of the s c r e e n  pole p iece  
in  o u r  t e s t s  is not Gnexpected because  the pole p iece  is loca ted  i n  f ron t  
of the anode a n d  s e r v e s  as  a shield ( a t  cathode potent ia l ) .  
Note tha t  configurat ion 42 employs  a s c r e e n  
When these  r e s u l t s  are compared  with Bech te l ' s  magnet ic  f ie ld  
devoted 
If the co l l a r  is s h o r t e r  than opt imum,  i t  is a s s u m e d  that 
The  a b s e n c e  of any  
T h e  following conclusions m a y  be de r ived  f r o m  these  r e s u l t s  
1 .  A high t r ansmiss ion  ion opt ical  s y s t e m  is m o s t  i m p o r -  
tan t  f o r  good t h r u s t e r  pe r fo rmance .  
s y s t e m  restilts i n  cha tiges in  the d i s c h a r g e  p r o p e r t i e s  
a n d  l eads  to a potential  d i s t r ibu t ion  which confines the 
Use  of such  a 
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ions radial ly .  
with u n n e c e s s a r y  re ioniza t ion  of the propel lan t  g a s .  
T h i s  p reven t s  power  l o s s e s  a s s o c i a t e d  
1 
2 .  With a high t r a n s m i s s i o n  ion opt ical  s y s t e m  the r ad ia l  
d i s t r ibu t ions  of p l a s m a  dens i ty  a n d  e l e c t r o n  t e m p e r a t u r e  
a r e  v e r y  s i m i l a r  f o r  un i fo rm a n d  d ive rgen t  magne t i c  
f ie lds .  A s  a r e s u l t s  p e r f o r m a n c e  is v e r y  similar in both 
c a s e s .  
F. RADIAL F I E L D  THRUSTER 
1. C onf igu ra t ion 
In the f inal  phases  of the c o n t r a c t  s e v e r a l  e x p e r i m e n t s  w e r e  con-  
ducted in a d i s c h a r g e  c h a m b e r  wi th  a predominant ly  r ad ia l  magne t i c  
field configurat ion.  
replacing the diffusion cont ro l led ,  cen t r a l ly  peaked  dens i ty  prof i le  with 
a dis t r ibut ion r e n d e r e d  rad ia l ly  uni form by unobs t ruc ted  mot ion  of e lec-  
t rons  a long  r ad ia l  f ie ld  l i nes .  
T h i s  g e o m e t r y  w a s  chosen  with the intention of 
The  configurat ion of this  " r ad ia l  f i e ld  t h r u s t e r "  i s  shown in  F i g .  
T h i s  pos t  a l s o  s e r v e s  a s  a cathode housing a n d  
45. 
a sof t  i ron  c e n t e r  post .  
baffle f o r  the hollow cathode.  T h e  o u t e r  c h a m b e r  cy l inder ,  f o r m e r l y  
the anode ,  is now kept  a t  cathode potent ia l  to provide the n e c e s s a r y  
confinement  f o r  the e l e c t r o n s  in a Penning  type d i scha rge .  The  anode  
is located in  the rear of the c h a m b e r  a n d  c o n s i s t s  of a f la t  d i sk .  P r o -  
pellant i s  introduced in the same loca t ions  a s  in the o t h e r  d i s c h a r g e  
c h a m b e r  s tud ies .  
I t  can  be s e e n  tha t  the d e s i r e d  magne t i c  f ie ld  shape  i s  obtained wi th  
2 .  T e  s t R e  su l  ts  
In ope ra t ion  the  behavior  of th i s  t h r u s t e r  w a s  s i m i l d r  t o  tha t  of 
o ther  hollow cathode t h r u s t e r s ,  excep t  tha t  i t  p roduced  a v e r y  f la t  ion 
beam profi le .  The  m a g n e t i c  f i e ld  conf igura t ion  init ially had the shape  
shown in F i g .  45, a n d  p e r f o r m a n c e  w a s  s o  p o o r  tha t  no p e r f o r m a n c e  
mapping w a s  under taken .  
urat ion shown in F i g .  46 r educed  the d i s c h a r g e  l o s s e s  f r o m  above  
400 e V / i o n  to 230 e V / i o n  a t  abou t  90% mass ut i l izat ion ( s e e  F i g .  47) ,  
The r e a s o n  f o r  th i s  i m p r o v e m e n t  i s  not fully unders tood .  
configurat ion,  inject ion of p rope l l an t  o c c u r r e d  into a plasma region  
where  m a n y  p r i m a r y  e l e c t r o n s  a r e  p r e s e n t ;  th i s  m a y  have led to a high 
center  potential ,  s i m i l a r  to  tha t  i n  convent ional  t h r u s t e r s  wi th  low 
t r a n s m i s s i o n  ion opt ical  s y s t e m s .  I n  the second  configurat ion,  n e u t r a l s  
w e r e  injected into a reg ion  w h e r e  p r i m a r y  e l e c t r o n s  should be rare.  
a s soc ia t ed  d i s t r ibu ted  ion product ion  conce ivably  m a y  have  l o w e r e d  the 
cen te r  potential  suf f ic ien t ly  to p rov ide  ion t rapplng  a s  in convent:onal 
t h rus t e r s  with high t r a n s m i s s i o n  opt ics .  Unfortunately,  no  t ime  r e m a i n e d  
under the c o n t r a c t  f o r  the n e c e s s a r y  d iagnos t ic  m e a s u r e m e n t s .  
A change  of the magne t i c  field to the config-  
In the f i r s t  
The  
P r i o r  to  the du ra t ion  t e s t ,  t h r u s t e r  pe r fo rmance  c u r v e s  w e r e  ob  
tained f o r  two l eve l s  of p rope l l an t  f low. F i g u r e  47 shows  that a change  
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f r o m  334 mA to  426 mA has  l i t t le  e f fec t  upon pe r fo rmance .  
Even  though l i t t l e  t ime was ava i l ab le  t o  t e s t  the rad ia l  f ie ld  con-  
f igurat ion,  the r e s u l t s  obtained a r e  v e r y  encouraging.  The  p e r f o r m a n c e  
is s l ight ly  be t t e r  than tha t  of a n y  known 15 c m  hollow cathode t h r u s t e r  
(see Fig .48) ;  it  i s  m o r e  impor tan t  tha t  the f l a tnes s  of the ion beam profi le  
is s ignif icant ly  s u p e r i o r  to that  of a n y  o the r  t h r u s t e r  ( s e e  F ig .  49).  T h i s  
l a t t e r  improvemen t  m a y  be a s s e s s e d  quant i ta t ively i n  t e r m s  of the r a t i o  
r b  
2 n . r  j r d r  
0 € =  
n r 2  j b max 
w h e r e  j is the c u r r e n t  dens i ty  a t  rad ius  r ,  jmax. is the c u r r e n t  dens i ty  
m a x i m u m  (usua l ly  in the c e n t e r ) ,  a n d  r b  is the ion beam rad ius  a t  the 
t h r u s t e r .  
F r o m  the no rma l i zed  beam profi les  in F i g .  50 we find that  the pe rveance  
ut i l izat ion of the SERT-11 t h r u s t e r  is about  3870, while  the r ad ia l  f ie ld  
t h r u s t e r  yields  6770. These  values a r e  somewhat  i naccura t e  because  the  
beam profi le  w a s  m e a s u r e d  s l ight ly  downs t r eam of the ion opt ical  s y s t e m .  
I n  e s s e n c e ,  with ident ical  beam voltages a n d  with the same l i fe  expec tancy ,  
the r ad ia l  f ie ld  t h r u s t e r  c a n  de l iver  about  twice as  m u c h  t h r u s t  as a 
SERT-I1  t h r u s t e r  of the s a m e  s ize .  
W e  l abe l  6 "perveance ut i l izat ion" and  e x p r e s s  i t  in  p e r  cent .  
The  r ad ia l  f ie ld  t h r u s t e r  w a s  chosen  as  the "final configurat ion" 
under  the con t r ac t  a n d  a continuous 24 hour  t e s t  was  pe r fo rmed .  
de t a i l s  of this  t h r u s t e r  configuration, including the loca t ion  of propel lan t  
introduct ion a re  given in  the p r in t s  which accompany  this  r e p o r t ,  
out the t e s t  the t h r u s t e r  opera ted  smooth ly  a n d  s tably.  Tab le  XVIII gives  
da ta  r e c o r d e d  hour ly ;  Table  XIX contains  4 hour  a v e r a g e s  of t hese  data .  
Inspec t ion  of the t h r u s t e r  a f t e r  the t e s t  indicated no  unusual  w e a r .  
p a r t i c u l a r ,  the hollow cathode sus ta ined  prac t ica l ly  no  s p u t t e r  damage .  
The  
Through 
In 
Based  o n  the r e s u l t s  given above ,  the following conclus ion  c a n  be 
d rawn:  A signif icant  improvement i n  ion h e m -  i~ni form-i ty  can be l ch ieved  
wi th  a r ad ia l  f ie ld  configurat ion.  I t  is bel ieved (but has  not ye t  been con-  
f i r m e d  exper imenta l ly)  tha t  with a r ad ia l  B-f ie ld  the r ad ia l  p l a s m a  dens i ty  
is qu i t e  un i form s ince  the e l ec t rons  can  move  f r e e l y  in a n d  out a long f ie ld  
l i n e s .  Consequent ly ,  the ion beam profi le  should be f la t ,  a s  i t  is indeed 
found to be. Additional advantages of the r ad ia l  f ield configurat ion a r e  a 
s h o r t e r  d i scha rge  chamber  a n d  the ex is tence  of a c e n t e r  pos t ,  which 
s e r v e s  t o  provide the rad ia l  magnet ic  f ie ld  a n d  which can  be used  a s  a 
s u p p o r t  f o r  the ion optical  s y s t e m  a n d  f o r  a cen t r a l ly  loca ted  n e u t r a l i z e r .  
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111 0 THEORE TLCA L PROGRAM 
A .  BASIC PROPERTIES OF THE THRUSTER DISCHARGE 
1 .  Discha rge  Reg ime  
Kaufman t h r u s t e r s  ut i l ize  a Penning-type d i scha rge  to  ionize the 
propel lan t  gas .  
w h e r e  the neu t r a l  a t o m  m e a n  f r e e  path exceeds  the d i scha rge  d imens ions  
a n d  w h e r e  o r d i n a r y  glow d i scha rges  fail  to o p e r a t e .  
of the Penning d i scha rge  i s  a magnet ic  confinement  field.  The l i nes  of 
f o r c e  p a s s  into and  out of the d i scha rge  a c r o s s  e l e c t r o d e s  which a r e  a t  
cathode potent ia l ,  so that the d i scha rge  e l e c t r o n s  a r e  t rapped .  
m a i n  in the d i scha rge  long enough to undergo one o r  m o r e  ionizing 
co l l i s ions ;  consequent ly ,  a d i scha rge  can  be sus ta ined .  
Th i s  d i s c h a r g e  mode  can  be e s t ab l i shed  at low p r e s s u r e s  
The  c r u c i a l  f e a t u r e s  
They  re -  
In the conventional Kaufman t h r u s t e r  configurat ion,  e l e c t r o n  con-  
f inement  is provided by a d i scha rge  c h a m b e r  with a cy l ind r i ca l  anode ,  
axial magnet ic  f ie ld ,  a n d  two f l a t  endpla tes  a t  cathode potent ia l  (one of 
the l a t t e r  s e r v e s  as  the ion ex t r ac t ion  s c r e e n ) .  
in jec ted  f r o m  a n  ax ia l ly  loca t ed  thermionic  s o u r c e  wil l  r e m a i n  suff ic-  
ient ly  wel l  t rapped ,  the magne t i c  f ie ld  s t r eng th  m u s t  be  s o  l a r g e  that  
the e l e c t r o n  cyc lo t ron  d i a m e t e r  is small compared  with the d i scha rge  
d i a m e t e r .  
magne t i c  f ie ld  of a 15  c m  t h r u s t e r  m u s t  be on the o r d e r  of 20 gauss .  
The cyc lo t ron  d i a m e t e r s  of the m o r e  ene rge t i c  e l e c t r o n s  a re  thus about  
1 . 5  cm. 
In o r d e r  tha t  e l ec t rons  
I t  h a s  been found empi r i ca l ly  that f o r  good p e r f o r m a n c e  the 
Even  well  t r apped  e l ec t rons  eventually have  to l eave  the d i scha rge .  
Col l i s ions  with o the r  p a r t i c l e s  can l ead  t o  c r o s s - f i e l d  d r i f t s  ( in  the 
p r e s e n c e  of a n  E-f ie ld)  a n d  diffusion (under  a dens i ty  grad ien t )  in the 
d i r ec t ion  of the anode.  The  velocity a s s o c i a t e d  with th i s  c r o s s - f i e l d  
t r a n s p o r t  depends upon the type and f requency  of the preva i l ing  co l l i s ion  
m e c h a n i s m .  Using e m p i r i c a l  in€ o r m s t i o n  concern ing  the d i scha rge ,  we 
wi l l  now assess the re la t ive  impor tance  of d i f fe ren t  co l l i s ion  p r o c e s s e s .  
IR additinn, we  ill determ-ine whether  d r i f t  o r  diffusion c a r r i e s  the e l e c -  
t r o n s  to the anode.  
m o d e l .  
B a s e d  on this we wi l l  postulate  a qua l i ta t ive  d i s c h a r g e  
2 .  E m p i r i c a l  Disc  ha r g  e Pr ope r t i e  s 
F i r s t ,  we e s t ab l i sh  the aporoximate  magni tudes  of the neu t r a l  and  
A n  e s t i m a t e  of the neutral  dens i ty  N m a y  be obtained under  use of 
c h a r g e d  pa r t i c l e  dens i t i e s  in the d i scha rge  and  a l s o  of the e l e c t r o n  t e m p e r a -  
t u r e s .  
the m o l e c u l a r  flow e x p r e s s i o n  
n = 114 vnN 
w h e r e  wn 1s the t h e r m a l  veloci ty  and  n is the propel lan t  influx pe r  unit 
a r e a  and  t ime .  A typical 15 c m  thrurster ope ra t e s  a t  a propel lan t  flow r a t e  
3 c  L.2 
equivalent to about  0 .  3 A ;  hence ,  n is about  1016 p a r t i c l e s / c m '  s e c .  
F u r t h e r m o r e ,  if  the propel lant  is m e r c u r y  a n d  if the gas  t e m p e r a t u r e  is 
25OoC, the t h e r m a l  gas  velocity becomes  about  3 x l o 4  c m / s e c .  
s t r e a m  neu t r a l  dens i ty  should t h e r e f o r e  be on the o r d e r  of 1 . 4  x 1 0 l 2  
ex t rac t ion  s c r e e n ,  the a v e r a g e  neut ra l  dens i ty  should be l e s s  than half 
the above number ,  o r  about  7 x 1011 p a r t i c l e s / c m 3  (equivalent  to  a 
p r e s s u r e  of 3 x T o r r ) .  
The up -  
p a r t i c l e s / c m  3 . Since m o s t  a t o m s  become ionized on t h e i r  way to the 
The  e l ec t ron  dens i ty  is known roughly f r o m  Langmui r  probe  
m e a s u r e m e n t s  i n  the d i scha rge  ( s e e  Sect ion 11-0 a n d  R e f s .  10 and  11). 
I n  the c e n t e r ,  the dens i ty  has  been found to  r e a c h  values  on the o r d e r  of 
6 x 1 0 l 1  p a r t i c l e s / c m 3 .  Nea r  the anode the dens i ty  d e c r e a s e s  to about  
2 x 1 0 l 1  p a r t i c l e s / c m 3 .  Langmui r  probe  data  have a l s o  been used  to  
de t e rmine  the e l ec t ron  t e m p e r a t u r e  ( o r  a v e r a g e  ene rgy) .  The  l a t t e r  is 
found to d e c r e a s e  f r o m  about  15 eV i n  the c e n t e r  to  the o r d e r  of 3 eV 
n e a r  the anode.  
optics which give about  5070 t r a n s m i s s i o n .  
T h e s e  data p e r t a i n  to conventional t h r u s t e r s  with ion 
3 .  Col l i s ion  P r o c e s s e s  
With the above informat ion  we c a n  de r ive  a p p r o x i m a t e  values  
f o r  m e a n  f r e e  pa ths  and  col l is ion f r equenc ie s  of the var ious  co l l i s ion  
p r o c e s s e s .  F o r  co l l i s ions  which involve neut ra l  p a r t i c l e s  we take the 
l i t e r a t u r e  values .  
exp res s ion  f o r  Coulomb col l i s ions ,  given by i 
F o r  co l l i s ions  between cha rged  p a r t i c l e s  we u s e  a a  
1 
where  V, is the col l is ion f requency ,  &n A i s  a co l l i s ion  p a r a m e t e r  ( ~ 1 5 ) ,  
e V  is  the a v e r a g e  pa r t i c l e  ene rgy ,  a n d  p is the p l a s m a  densi ty .  
values a r e  given i n  Table  XX;  the n u m b e r s  p e r t a i n  to the f i r s t - n a m e d  
p a r t n e r  in e a c h  co l l i s ion  pa i r .  
the following conclusions:  
Numer ica l  
The  co l l i s ion  data of Tab le  XX l e a d  to  
1. 
is f r e e - m o l e c u l a r .  
neutral  densi ty .  
Neu t ra l s  r a r e l y  co l l ide  among  e a c h  o the r ,  a n d  t h e i r  flow 
Th i s  f ac t  w a s  u s e d  in the e a r l i e r  e s t i m a t e  of the 
2 .  Ions r a r e l y  col l ide with neu t r a l s  a n d ,  excep t  i n  the c e n t e r ,  
r a r e l y  with o the r  ions.  
t r a j ec to r i e s .  
T h e r e f o r e ,  they l e a v e  the d i scha rge  on ba l l i s t ic  
3. 
neut ra l s .  
the p l a sma  dens i ty  a n d  not by the n e u t r a l  dens i ty .  
E l e c t r o n s  col l ide m o r e  f requent ly  wi th  ions than with 
The  t r a n s p o r t  a c r o s s  f i e l d  l i n e s  t h e r e f o r e  is d e t e r m i n e d  by 
4. E l e c t r o n - e l e c t r o n  co l l i s ions  i n  which e n e r g y  is exchanged 
a r e  as f r equen t  as  e l ec t ron - ion  co l l i s ions  which l e a d  to c r o s s - f i e l d  
t r anspor t .  
l a r g e  cyc lo t ron  d i a m e t e r )  r e q u i r e  few col l i s ions  to  r e a c h  the anodi: a r e  
not v e r y  e f fec t ive ly  the rma l i zed .  Low e n e r g y  e l e c t r o n s ,  however ,  unde r  - 
T h e r e f o r e ,  high e n e r g y  e l e c t r o n s  which I because  of t h e i r  
26 
go m a n y  co l l i s ions  among  each  other ,  however ,  and  thus f o r m  a 
Maxwell  ia n d i s t r ibu t ion .  
In  addi t ion to these  coll ision p r o p e r t i e s  we  m u s t  cons ide r  the 
ques t ion  of d r i f t  v e r s u s  diffusion. 
tha t  with a uniform B-f ie ld  the p lasma potential  within the e n t i r e  d i s -  
cha rge  volume is above anode potential and  that i t  s lopes  downward to the 
anode  with a g rad ien t  which i n c r e a s e s  with r a d i u s  (see a l s o  Ref.  1 1 ) .  
Consequent ly ,  the E- f i e lds  tend to d r i v e  the e l e c t r o n s  toward the c e n t e r  
r a t h e r  than out to the anode .  I t  mus t  be concluded,  t he re fo re ,  that  
diffusion under  a dens i ty  g rad ien t  i s  the ove r r id ing  m e c h a n i s m  fo r  de l iv-  
e r i n g  e l ec t rons  to the anode .  I t  should be added  tha t  no evidence h a s  been  
found to date  f o r  a th i rd  possibi l i ty .anomalous diffusion i n  the p r e s e n c e  of 
ins tab i l i t i es  . 
Langmui r  probe  s tud ie s  have d i sc losed  
4,  Quali ta t ive Di scha rge  Model 
c 
If combined,  the above desc r ibed  p r o p e r t i e s  l e a d  to the following 
qual i ta t ive d i scha rge  model :  E lec t rons  injected into the d i scha rge  
c e n t e r  with a n  e n e r g y  equivalent  to p l a s m a  potent ia l  const i tute  a p r i m a r y  
component .  T h e s e  e l e c t r o n s  ionize as they diffuse out. Because  the 
e l e c t r o n - e l e c t r o n  co l l i s ion  c r o s s  sec t ion  i n c r e a s e s  with d e c r e a s i n g  
p a r t i c l e  ene rgy ,  p r i m a r i l y  those e l ec t rons  which have l o s t  e n e r g y  in  
ionizing co l l i s ions  undergo a thermal iza t ion  p r o c e s s  with o ther  low 
e n e r g y  e l e c t r o n s ;  this  g ives  r i s e  to a Maxwell ian e l e c t r o n  component .  
Both the p r i m a r y  a n d  Maxwellian g roups  accumula t e  in the d i scha rge  
until  t h e i r  r ad ia l  dens i ty  grad ien ts  have  become sufficiently l a r g e  to 
produce  diffusion r a t e s  equal  t o  the inject ion a n d  product ion r a t e s  
T h e  newly born  ions a l s o  accumula te  until t he i r  r emova l  r a t e s  
The observa t ion  of p l a s m a  po- become equal  to  the product ion r a t e s .  
t en t ia l s  above  anode  potential  impl ies  that  the ions tend to accumula t e  to  
a dens i ty  exceeding that  of the e l ec t rons ,  except  that  the s l i gh te s t  e x c e s s  
in posi t ive s p a c e  c h a r g e  r a i s e s  the p l a sma  potent ia l .  This  helps  to re -  
m o v e  ions in two w a y s :  ( 1 )  they can now land on the anode ,  and  ( 2 )  
E - f i e lds  a s s o c i a t e d  with the potential  r i s e  c a n  a c c e l e r a t e  the ions in the 
d i r ec t ion  of the wal l s .  
Evident ly ,  few of the ions wil l  speed  d i r ec t ly  toward the ex t r ac t ion  
s c r e e n .  
c h a r g e .  
S imply  on the b a s i s  of the r a t i o  of total  d i scha rge  chamber  s u r f a c e  to 
open a r e a  in the ex t r ac t ion  sc reen ,  i t  c a n  be e s t i m a t e d  that the a v e r a g e  
ion undergoes  s o m e  eight  ionizations before  i t  e j e c t s  through the s c r e e n .  
I t  is c l e a r  tha t  e a c h  of t hese  ionizations is obtained a t  the c o s t  of e n e r g y ,  
Most  wil l  impac t  on o ther  e l e c t r o d e s  w h e r e  they l o s e  t h e i r  
They  rebound into the p lasma and  eventual ly  become re ionized .  
While r epea ted  ionizations a r e  one c a u s e  f o r  inefficiency, the 
nonuniformity of the p l a s m a  a l s o  i s  a contr ibut ing f ac to r .  The s t e e p  
d e c r e a s e  with r ad ius  of e l ec t ron  dens i ty  as  well  as  e l ec t ron  e n e r g y  l e a d s  
to  the e s c a p e  of m a n y  neu t r a l s  through the p e r i p h e r a l  s c r e e n  areas.  I n  
o r d e r  to reduce  th i s  l o s s  to  a to le rab le  leve l ,  the e l ec t ron  dens i ty  nea r  
the anode m u s t  be r a i s e d .  
i n  a n  i n c r e a s e  in the c e n t r a l  densi ty  g rad ien t s  a n d  l eads  to h igher  diffusion 
Unfortunately,  a n y  i n c r e a s e  t h e r e  a l s o  r e s u l t s  
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c u r r e n t s  which ul t imately lower  the efficiency of the ion genera t ion  p r o -  
c e s s .  I 
F o r  t hese  r e a s o n s  a configurat ion i n  which the p l a s m a  is d i s t r ibu ted  
m o r e  uniformly in  dens i ty  a n d  e l e c t r o n  e n e r g y  throughout a l a y e r  a c r o s s  
the ion ex t r ac t ion  s c r e e n  i s  advantageous.  The  diverging magne t i c  f ie ld  
configuration of SERT-I1 type t h r u s t e r s  a n d  the r ad ia l  magnet ic  f ie ld  
configuration r e p r e s e n t  s t eps  in th i s  d i rec t ion .  < 
B. DISCHARGE CHAMBER THEORY 
I 
1 .  Model 
In this  s ec t ion  w e  wil l  p r e s e n t  a theore t ica l  a n a l y s i s  of the d i s c h a r g e  1 
r eg ime  in Kaufman t h r u s t e r s .  
s t ra  igh tf o rwa r d c onf igura  ti on: 
We confine the d i scuss ion  to the following , 
1. The d i scha rge  c h a m b e r  cons i s t s  of a cy l indr ica l  anode  a n d  of 
two f l a t  cathode end  p la tes .  
2 .  P r o p e l l a n t  g a s  i s  injected through uniformly d is t r ibu ted  
openings in the "ups t r eam"  endplate .  
3 .  E l e c t r o n s  a r e  injected f r o m  a c i r c u l a r  t he rmion ic  ca thode  
loca ted  in  the c e n t e r  of the u p s t r e a m  endplate .  
4. Ions a r e  e x t r a c t e d  through uniformly d i s t r ibu ted  holes  in the 
downs t r eam I '  e ndpla te  I f  
5. A uni form magne t i c  f ie ld  ex tends  ax ia l ly  through the d i s c h a r g e  
c h a m  be r . 
2 .  Assumpt ions  
The  ana lys i s  is m a d e  unde r  the following phys ica l  a s sumpt ions :  
1. E l e c t r o n s  a r e  i n  t h e r m a l  equ i l ib r ium loca l ly ,  a n d  t h e r e f o r e  
The  j u s  t if i - pos s e s s a Maxwell  ia n - B ol tzmann d i  s t r i bu t ion. 
ca t ion  f o r  th i s  a s s u m p t i o n  wil l  be given below. 
2 .  E l e c t r o n s  a r e  t r a n s p o r t e d  a c r o s s  magne t i c  f ie ld  l i n e s  to  the 
anode by c r o s s - f i e l d  diffusion (under  a dens i ty  g rad ien t ) .  
C r o s s - f i e l d  d r i f t  (unde r  a potent ia l  g rad ien t )  c a n  be ru l ed  out 
s ince  the potential  g rad ien t s  ac tua l ly  o b s e r v e d  a r e  small a n d  
usua l ly  s o  d i r e c t e d  tha t  they tend to d r i v e  the e l e c t r o n s  
inward.  
3. Coulomb col l i s ions  between e l e c t r o n s  a n d  ions d e t e r m i n e  the 
r a t e  of e l e c t r o n  diffusion.  
propel lan t  a t o m s  a r e  r a r e  a n d  they cont r ibu te  l i t t l e  to  diffusion 
Col l i s ions  between e l e c t r o n s  a n d  
4. Ions a c c u m u l a t e  in  the  d i s c h a r g e  volume unt i l  the c e n t e r  
potential  h a s  r i s e n  t o  the point w h e r e  the a s s o c i a t e d  E - f i e l d s  
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d r i v e  the ions out  as  fas t  a s  they a r e  c r e a t e d .  
that  ions a r e  f r e e  t o  move along ba l l i s t ic  t r a j e c t o r i e s .  
a s sumpt ion  s e e m s  just i f ied because  co l l i s ions  a r e  sufficiently 
f requent  to i n t e r r u p t  the fl ight paths  ( s e e  Table  X X )  
n e a r  the d i scha rge  ax is .  
T h i s  imp l i e s  
This  
only 
5. P r o p e l l a n t  a t o m s  a r e  uniformly d i s t r ibu ted  a c r o s s  all rad i i .  
Th i s  a s s u m p t i o n  restricts the validity of the a n a l y s i s  t o  low 
a n d  m e d i u m  values  of propel lan t  ut i l izat ion,  as  wil l  be  s e e n  
below. 
6.  E l e c t r o n  and  ion dynamics a r e  t r ea t ed  as  if the d i scha rge  
w e r e  infinitely long. This  is cons ide red  wel l  jus t i f ied  f o r  
e l e c t r o n s  because  they a r e  fully r e f l ec t ed  a t  both end  p l a t e s .  
The  s i tua t ion  i s  l e s s  c l e a r  with r e s p e c t  to  the ions.  Bas ica l ly ,  
the high mobi l i ty  of e l ec t rons  along l i nes  of f o r c e  of the B-f ie ld  
tends to p reven t  ax ia l  potent ia l  g rad ien t s  a n d  the ion outflow 
should be governed  s t r i c t ly  by rad ia l  potent ia l  g rad ien t s ,  as 
in a n  infinitely long configuration. However ,  the two end 
p l a t e s  at  cathode potential  p e r t u r b  the p l a s m a  over  d i s t ances  
which cons ide rab ly  exceed the width of the p l a s m a  shea th .  
shea ths  t h e r e  m u s t  be "pre-shea th"  r eg ions  i f  the ion tempera- 
tu re  falls below that of the e l ec t rons  within the p l a sma .  
t hese  reg ions  the potential  gradual ly  d e c r e a s e s  by about  
1 / 2  k T e / e  toward  cathode potential .  
p n p r g i ~ s  nn t h e  n r d e r  of 3 to 10 eV i n  the d i s h a r g e ,  this  axial 
potent ia l  d r o p  m a y  amount  to  s e v e r a l  vol ts .  
de t a i l s  of the p r e - s h e a t h  reg ions  a r e  difficult  to a s s e s s ,  we  
wi l l  s imp ly  ignore  i ts  e f f ec t s  upon r ad ia l  ion flow. 
In 
aczordaiicz with  the l a w s  g=ver.;.,ing the forrr*2tio!? of c2thnde 
A c r o s s  
With a v e r a g e  e l e c t r o n  
Because  the 
7. A cyl indr ica l  c e n t e r  sec t ion  of the d i s c h a r g e ,  c a r v e d  out by 
the t r a j e c t o r i e s  of the newly injected e l e c t r o n s ,  is t r e a t e d  as  
uni form in dens i ty  and e l e c t r o n  t e m p e r a t u r e .  Because  this  
s ec t ion  r e p r e s e n t s  a re la t ive ly  small por t ion  of the d i scha rge  
volume,  the resul t ing e r r o r  m a y  be expec ted  to be c o m p a r a -  
t ively small. 
A nalys  is 
In a c c o r d a n c e  with the above d e s c r i b e d  a s s u m p t i o n s  we u s e  the 
following expres s ion  f o r  c r o s s  -field diffusion a s  the equat ion of mot ion  
f o r  the e l e c t r o n s  
w h e r e  vL is the rad ia l  e l e c t r o n  velocity, DA is the c r o s s  - f ie ld  diffusion 
coeff ic ient  a n d  p is the e lec t ronic  c h a r g e  densi ty .  
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The diffusion coefficient c a n  be e x p r e s s e d  a s  ( in  cgs  uni ts)  
where e a n d  m a r e  e l e c t r o n  c h a r g e  a n d  mass, B is the magne t i c  f ie ld  
s t rength ,  c i s  the velocity of l ight ,  vC is the co l l i s ion  f requency ,  a n d  eV 
i s  the kinet ic  e l e c t r o n  ene rgy .  
For the col l is ion f r equency  vc we u s e  a n  expres s ion  f o r  Coulomb 
col l is ions which includes mul t ip le  small angle  s c a t t e r i n g s  
112 -312 
vc = 2 . r r & n A  e3 (L) m ( e V )  P (5) 
where &nA is a col l is ion p a r a m e t e r  ( the numer i ca l  value of which is  taken 
to  be 15). Introduct ion of (4) and  (5) into (3) y ie lds  
4~ SnA (2m)1’2e  (a) c 2  (eV) -112 ap 
a r ‘  v & = - -  3 
Equation (6) m u s t  be a v e r a g e d  o v e r  all e l e c t r o n  e n e r g i e s .  If w e  a s s u m e  
that the p l a s m a  e l e c t r o n s  p o s s e s s  a Maxwell ian e n e r g y  d is t r ibu t ion ,  e l e c -  
t r o n s  with e n e r g y  e V  contr ibute  t o  the o v e r  a l l  dens i ty  the f r a c t i o n  
where 312 kT is  the a v e r a g e  e l e c t r o n  ene rgy .  
v L  
The  a v e r a g e  d r i f t  veloci ty  
can  be obtained with the he lp  of 
If (6)  a n d  ( 7 )  a r e  introduced into (8) in tegra t ion  yields  
o r  
where Co = 1. 3 c g s  if tnA is taken to  be 15. 
P r i o r  t o  using (10) in the a n a l y s i s  we  intend to e s t a b l i s h  the val idi ty  
of the a s s u m p t i o n  of a Maxwell ian d is t r ibu t ion .  Accord ing  to L a n g m u i r  
probe m e a s u r e m e n t s  m a d e  unde r  th i s  c o n t r a c t ,  the a c t u a l  d i s t r ibu t ion  i n  
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t h r u s t e r  d i s c h a r g e s  with uniform B-f ie ld  c a n  be in t e rp re t ed  as  a combi -  
nation of typical ly  10% monoenerge t ic  p r i m a r y  e l ec t rons  a n d  90% t h e r m -  
a l i z e d  e l e c t r o n s  with a near-Maxwell ian dis t r ibut ion.  The t e m p e r a t u r e  of 
the l a t t e r  component  is  about  15  eV i n  the d i scha rge  c e n t e r  a n d  3 e V  n e a r  
the edge.  In  Table  XXI  we compare  the diffusion coeff ic ients  a n d  a v e r a g e  
ionizat ion f r equenc ie s  Vi of a pure  Maxwell ian d is t r ibu t ion  with that  of a 
1:9 mix tu re  of p r i m a r y  a n d  Maxwellian e l ec t rons .  F o r  the ionizat ion 
f r equenc ie s  of monoenerge t ic  e l ec t rons  we r e s o r t  to  l i t e r a t u r e  va lues  
15;  f o r  that  of a Maxwell ian dis t r ibut ion we u s e  r a t e s  de r ived  below ( s e e  
F i g .  51). 
Accord ing  to  Table  XXI  the two types of d i s t r ibu t ions  yield va lues  
having re la t ive ly  s m a l l  d i f fe rences ,  a n d  the a s s u m p t i o n  of a p u r e  
Maxwell ian d is t r ibu t ion  in the ana lys i s  a p p e a r s  wel l  jus t i f ied .  
I n  addi t ion to the above der ived  equat ion of motion ( eq ,  ( l o ) ) ,  
we r e q u i r e  a continuity equat ion.  
sub jec t  to the conditions 
The rad ia l  flow of e l ec t rons  m u s t  be 
- 
div j = vi p 
w h e r e  j is the r ad ia l  e l ec t ron  c u r r e n t  dens i ty  a n d  v i  
:nn;nqt;nn v n n i i o n r x r .  F.nlla tinn (11) r;ln ha r ewr i t t en  a s  
is the a v e r a g e  
J --l------- I " , I L U U * * V L I  f ,  - 'Iuw.Au 
If (10) is d i f fe ren t ia ted  with r e spec t  t o  
a n d  aK/ar a r e  in t roduced  into (12),  a d i f fe ren t ia l  equat ion f o r  the c h a r g e  
dens i ty  i s  obtained 
r a n d  if the e x p r e s s i o n s  f o r  FL 
2 
(13)  a p  + - a p  + - 1 (--I ap -1 
2 
-
r a r  P a r  2 a r  
B e c a u s e  ( 1 3 )  contains  not only p but a l s o  the unknown function (kT)  of r ,  
a second  equation m u s t  be provided. The  following ene rgy  conse rva t ion  
condi t ion can  s e r v e  this  purpose :  
F i r s t ,  s ince  a s t eady  s t a t e  solution i s  being sought ,  the t e r m  a l a r  m u s t  
vanish .  Second,  the a v e r a g e  energy  t r a n s p o r t  veloci ty  v"' i s  de t e rmined  
by 
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therefore ,  it i s  identical  with the a v e r a g e  diffusion velocity V. Th i rd ,  the I 
t e r m  d ( k T ) / d t  r e p r e s e n t s  the a v e r a g e  r a t e  of e n e r g y  loss  by exci ta t ion a n d  
ionization in a Maxwellian dis t r ibut ion with t e m p e r a t u r e  T. Th i s  l o s s  
ra te  a n d  the a v e r a g e  ionization f requency  Vi in  (13) a r e  functions of the 
e lec t ron  t e m p e r a t u r e  
I 
- 
vi  = k(kT) .  d(kT) dt = - g(kT) ,  
Both functions can be cons ide red  known because they can be de r ived  f r o m  
avai lable  col l is ion data .  F o r  example ,  to obtain Ti one m u s t  take the 
f ami l i a r  function of the ionization f requency  vi  v e r s u s  e l ec t ron  ene rgy  eV 
(see  F i g .  51) and  compute vi  dp, where  dp  i s  the n u m b e r  of e l ec t rons  
with ene rgy  e V  in a Maxwellian d is t r ibu t ion  of t e m p e r a t u r e  kT ( s e e  ( 7 ) ) .  
Integration ove r  all ene rg ie s  and  divis ion by the total cha rge  dens i ty  then 
yields the a v e r a g e  ionization r a t e  a t  e l ec t ron  t e m p e r a t u r e  T ;  
If this expres s ion  i s  evaluated f o r  a number  of d i f fe ren t  t e m p e r a t u r e s ,  the 
functional dependence T. This  dependence h a s  been 
computed fo r  m e r c u r y  (‘see F ig .  51).  
of i n t e re s t  of e l ec t ron  t e m p e r a t u r e s  ( f r o m  about  3 to 20 eV) ,  v. i n c r e a s e s  
l inear ly  with T .  Accordingly,  the following approximat ion  f o r  vi  wil l  be 
used h e r e :  
= k(kT) can be found. 
I t  can  be s e e n  that  ove r  the range  
1- 
where 
20 -1  -1  -1 A .  = 1.38  x 10 e r g  s e c  T o r r  
8 -1  - 1  A = 6 x  10 s e c  T o r r  1 
and  p i s  the g a s  p r e s s u r e  in T o r r .  
The a v e r a g e  e n e r g y  l o s s  r a t e  can be d e t e r m i n e d  in a s i m i l a r  
fashion f r o m  
1 1 
- S V e x d p  eVex - -  d(kT) - - g(kT)  = - (eVi + k T )  - s v i  dp  - dt P 
where 
a s soc ia t ed  with a spec i f i c  leve l  n. 
in a n  ionization event  a l s o  includes the ene rgy  which m u s t  be suppl ied to 
a newly born secondary  e l ec t ron  s o  that  it will  s h a r e  the a v e r a g e  e n e r g y  kT.  
eVi i s  the ionization ene rgy  a n d  eVex  i s  the exci ta t ion e n e r g y  
I t  should be noted that  the e n e r g y  loss  
The energy  l o s s  r a t e  g (kT)  w a s  d e t e r m i n e d  f o r  m e r c u r y ,  based  
l l S l  - 2 p2 a n d  1 S1 - 2 P (4. 86 a n d  6 . 6 7  eV),  
upon l o s s e s  a s s o c i a t e d  with ioni a t i o n  (10. 38 e V )  
volving the t rans i t ions  
with exc i ta t ions  l 4  in -  3 1 9 
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which by far dominate ,  and  including the supply of k T  to the newly bo rn  
e l ec t rons .  The r e su l t an t  l o s s  r a t e  cu rve  i s  shown in F i g .  52. This  l o s s  
r a t e  function will  be approximated  by 
3 / 2  d(kT) d t  E - g(kT)  - A 2  p (kT)  
-112 -1 -1  s e c .  T o r r  . 14 w h e r e  A 2  = 8.25 x 10 e r g  
Using (12) a n d  (16) ,  the energy  conserva t ion  re la t ion  (eq.  (14))  
can  now be e x p r e s s e d  as  
-1  
A 2  2 
(kT) -2  d(kT)  = - p B (g) d r y  
0 
C 
o r  
o r  
If (15) ,  (17),  a n d  (19) a re  introduced into (13) ,  one obtains 
‘ -312 2 I 
t C2 p B2 (kT 0 ) 3 / 2  ( l - C , p B  k T  o J‘ a 0  d r  
w h e r e  
c1 = A 2 / C o  
c2 = A o / C o  
C 3  = A 1 / C o  . 
Before  we p r o c e e d  to solve (20) f o r  the rad ia l  cha rge  densi ty  d is t r ibu t ion  
we intend to  d e r i v e  a n  expres s ion  f o r  the rad ia i  potentiai  dis t r ibut ion.  i n  
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addition, we  m u s t  define boundary conditions.  
To  compute  the potential  d i s t r ibu t ion  w e  r e q u i r e  P o i s s o n ' s  
equation 
where  pi is the ionic and ,  pe E p ,  the e l ec t ron ic  space c h a r g e  densi ty .  
Under the a s s u m p t i o n  that  ions flow out r ad ia l ly  o n  bal l is t ic  t r a j e c t o r i e s ,  
the i r  dens i ty  contr ibut ion a t  e a c h  loca t ion  is g iven  by16 
where  g ( 5 )  is the ion genera t ion  r a t e  p e r  unit  vo lume a n d  t i m e  a t  r ad ius  
5 and where  vi ( 5 )  i s  the veloci ty  a t  r ad ius  r of a n  ion b o r n  a t  r ad ius  5 .  
Since 
and  s ince  
eq. (22) can  be w r i t t e n a s  
In pr inc ip le ,  a so lu t ion  f o r  the potent ia l  d i s t r ibu t ion  r e q u i r e s  that  f i r s t  
p be obtained f r o m  (20) ,  a n d  second  p a n d  pi (given by (23))  be u s e d  to  
solve equat ion (21).  However ,  the potent ia l  va r i a t ions  a r e  an t i c ipa t ed  
t o  be small (on the o r d e r  of vo l t s )  a n d  AV should t h e r e f o r e  be negl igible  
c o m p a r e d  with e i t h e r  4 IT pi o r  4 IT pe. Accord ing ly ,  we  m a y  a p p r o x i m a t e  
(21) by 
N 
p. = P. 1 
While this  s impl i f i e s  m a t t e r s ,  n e v e r t h e l e s s  w e  m u s t  f i r s t  so lve  (20) f o r  
p ;  next w e  m u s t  so lve  the in t eg ro -d i f f e ren t i a l  equat ion (23)  w h e r e  now p 
is subst i tuted f o r  pi.  
analyt ic  solut ions.  T h e r e f o r e ,  s e l e c t e d  n u m e r i c a l  solut ions by c o m p u t e r  
m u s t  be sought .  
The  compl i ca t ed  n a t u r e  of t hese  equat ions  p r e c l u d e s  
In  o r d e r  t o  a r r i v e  a t  pe r t inen t  so lu t ions ,  su i tab le  boundary con-  
dit ions m u s t  be spec i f ied .  
sma l l  cy l indr ica l  vo lume su r round ing  the d i s c h a r g e  a x i s  a n d  having the 
For  th i s  p u r p o s e  w e  c o n s i d e r  s e p a r a t e l y  a 
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r ad ius  of the the rmion ic  cathode.  
a s s u m e  tha t  the newly injected e lec t rons  a re  t h e r m a l i z e d  t h e r e  comple te ly .  
We t r e a t  th i s  volume s u m m a r i l y  a n d  
E n e r g y  balance within this  volume r e q u i r e s  that  t he  power de l iv-  
e r e d  by the in jec ted  e l e c t r o n s  is equal to  the s u m  of power  r emoved  by 
outflowing e l e c t r o n s  a n d  power consumed by ine l a s t i c  co l l i s ions .  Th i s  
m a y  be e x p r e s s e d  as  
w h e r e  I, is the e l e c t r o n  inject ion c u r r e n t ,  V c  is the p l a s m a  potent ia l ,  
pc is the p l a sma  dens i ty ,  Tic 
e l e c t r o n  t e m p e r a t u r e  in the center  cy l inder .  F u r t h e r m o r e ,  rc is the 
cathode r ad ius  and  & is the length of the d i s c h a r g e  c h a m b e r .  
is the ionization f requency ,  and  T c  is the 
If e x p r e s s i o n s  (15) and  (16)  f o r  Tic a n d  d ( k T c ) / d T  a r e  in t roduced  
into (25) ,  eqs .  (20) a n d  (25) can  be combined to yield c o m p u t e r  solut ions 
f o r  p a n d  kT as funct ions of r .  
c u r r e n t  IC,  a n d  neut ra l  p r e s s u r e  p, only one s e t  of va lues  kTc and  pc 
r e su l t s  in  2 radial dens i ty  d is t r ibu t ion  which une4 to  zp1-0 at annde 
r a d i u s  r a '  c a n  be s ingled out. 
F o r  given d i scha rge  potent ia l  Vc', d i s c h a r g e  
E - - -  
By t r i a l  and  e r r o r  (with the help of the compute r )  this  solut ion 
The  potent ia l  d i s t r ibu t ion  a l s o  r e q u i r e s  s e p a r a t e  t r e a t m e n t  of the 
c e n t e r  sec t ion .  If (231 is in tegra ted  f r o m  r = 0, a s ingu la r i ty  in the i n -  
t e g r a l  c a u s e s  computat ional  difficult ies.  T h e s e  c a n  be prevented  with 
the he lp  of a n  ana ly t ic  solut ion fo r  V a t  small r.  Conveniently,  we can  
use  the same a s s u m p t i o n  a s  above: viz .  , cons tan t  dens i ty  pc a n d  e l e c -  
t r o n  t e m p e r a t u r e  Tc f o r  r = rc. 
d i s t r ibu t ion  which m a y  be e x p r e s s e d  as 
N We then obtain a pa rabo l i c  potential  
2 2  vr = 2 iiic r . 
If we sp l i t  the in tegra l  in (23 )  into two p a r t s ,  one extending f r o m  
0 to r c  a n d  the o the r  f r o m  r 
the f i r s t  p a r t  with the he lp  02 (26)  a n d  the s ingu la r i ty  a t  r = 0 i s  e l i m i -  
nated.  However ,  a s i m i l a r  problem a r i s e s  a t  the uppe r  l imi t .  In o r d e r  
that the in tegrand  wil l  not g o  t o  infinity as  V a p p r o a c h e s  Vr,  the in te -  
g r a l  m u s t  be t e rmina ted  a t  ( r  - A ) .  T o  make up f o r  the d i f fe rence ,  a n  
a p p r o x i m a t e  e x p r e s s i o n  fo r  the res idua l  contribution m-ust be added .  
When these  modi f ica t ions  a r e  included, eq .  (23) c a n  be wr i t t en  as  
to  r ,  w e  c a n  p e r f o r m  the in tegra t ion  ove r  
s 
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where  the index 'lr" s t ands  f o r  the loca t ion  r. Together  with (20P9 eq.  
(27) c a n  now be used  to yield compute r  solut ions f o r  p ,  kT, a n d  v a s  
functions of the rad ius .  In the a c t u a l  computat ions rc w a s  taken to  be 
1 .5  c m ,  rc = 7. 5 c m ,  a n d  A = 0. 1 c m  (equal  to  the computing s t e p  width) .  
F i g u r e  53 shows r ep resen ta t ive  r e s u l t s .  In g e n e r a l ,  the shape of the 
dis t r ibut ions f o r  p, kT,  a n d  V i s  v e r y  similar to that found e m p i r i c a l l y  
( see  F i g .  54). Even quant i ta t ively,  the a g r e e m e n t  c a n  be cons ide red  
sa t i s fac tory .  Of the t h r e e  computed  d i s t r ibu t ions ,  tha t  f o r  V i s  pe rhaps  
l e a s t  re l iab le  because  the ax ia l  potent ia l  va r i a t ion  i n  the a c c e l e r a t i o n  of 
ions was  neglected.  
The a g r e e m e n t  between theo ry  a n d  obse rva t ion  p rov ides  confi-  
dence that the underlying d i scha rge  mode l  is e s sen t i a l ly  c o r r e c t .  
d i scha rge  mode l  h a s  a l r e a d y  been used  in the in t e rp re t a t ion  of the be-  
havior  of advanced  t h r u s t e r  g e o m e t r i e s  s tud ied  unde r  this  c o n t r a c t ,  a n d  
has given guidance in the opt imiza t ion  task. 
I 
T h i s  1 
I 
A s  a f i n a l  i t em we would l ike to d e t e r m i n e  how r e s t r i c t i v e  i s  the 
e a r l i e r  a s s u m p t i o n  of a uni form neu t r a l  dens i ty  a c r o s s  (not a long)  the 
d ischarge .  
and m e a n  f r e e  path.  
cha rge  i t  becomes  gradual ly  ionized on i t s  way to the downs t r eam e x -  
t ract ion e l ec t rode  and  the propel lan t  dens i ty  d e c r e a s e s  as 
One way to e s t ab l i sh  this  is to r e l a t e  propel lan t  ut i l izat ion 
We a s s u m e  that a f t e r  the propel lan t  e n t e r s  the d i s -  
N = No exp(  - z / 5 ; )  
where  
z is the d is tance  along the d i s c h a r g e  axis. 
is the a v e r a g e  m e a n  f r e e  path of g a s  a t o m s  f o r  ionizat ion a n d  
T o  r e l a t e  No to the i n  a n d  outflux of the propel lan t  g a s ,  we c o n s i d e r  
f i r s t  a s i tua t ion  without ionizing p l a s m a ,  w h e r e  the neu t r a l  outflux m u s t  
match  the influx. The l a t t e r  c a n  be e x p r e s s e d a s  
where  ra is  the anode r a d i u s ,  vn  is the t h e r m a l  gas  veloci ty ,  a n d  a i s  
the f r a c t i o n  of open area in the e x t r a c t i o n  e l e c t r o d e .  
If a p l a s m a  is p r e s e n t ,  the n e u t r a l  outflow is r educed  to  
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Accordingly ,  the propel lan t  uti l ization becomes  
, 
-1in - Iout 
I in 
r l =  : 1-exp(-z/X) 
T h i s  i s  the re la t ion  between r a n d  q which we have sought.  
shows numer i ca l  values .  
ut i l izat ion the m e a n  free path is e i the r  l onge r  than o r  c o m p a r a b l e  to the 
d i scha rge  c h a m b e r  d imens ions .  T h e r e f o r e ,  the neu t r a l  dens i ty  should 
r e m a i n  re la t ive ly  uniform a c r o s s  the d i scha rge  up to th i s  l eve l  of mass 
ut i l izat ion.  I t  should be added that because  of the overs impl i f ica t ion  in  
the neu t r a l  flow pa t t e rn  cons idered  in  (28) through (31) ,  g r e a t  a c c u r a c y  
cannot  be c l a imed  f o r  the r e s u l t s  given in Table  XXII. 
only pu rpose  h e r e  is to e s t i m a t e  the range of validity of the theory  
d e r i v e d  e a r l i e r .  
Table  XXII 
I t  c a n  be see that  up to  above  70% mass 
However ,  the 
I n  this  conjunction i t  i s  well to r e m e m b e r  that  only r ad ia l  
va r i a t ions  of the neut ra l  dens i ty  affect  the d i scha rge  model .  The theory  
is insens i t ive  to axial va r i a t ions .  Because  the e l e c t r o n s  sweep  back a n d  
f o r t h  in  the axial d i rec t ion ,  only the a v e r a g e  of the  axial neu t r a l  dens i ty  
is s ignif icant  a n d  the de ta i led  d is t r ibu t ion  i s  not impor tan t .  
C. SCALING LAWS 
In the p a s t ,  m o s t  of the optimization e f for t  on Kaufman t h r u s t e r s  
h a s  been devoted to  t h r u s t e r  configurat ions of 15 c m  d i a m e t e r .  
cons ide rab le  i n t e r e s t  to have ava i lab le  gene ra l  sca l ing  r u l e s .  
d e r i v e  below the a p p r o p r i a t e  re la t ions  used  in  the d i scha rge  mode l  d i s -  
c u s s e d  e a r l i e r .  
With 
W e  will  
p - p ~ p n t  refid t n w n  rrl 1. r g e r  t h n i s t e r  d i a m e t e r s ,  i t  would be of 
Accord ing  to  ou r  mode l  the r ad ia l  flow of e l e c t r o n s  is de t e rmined  
by c r o s s - f i e l d  diffusion and  can  be d e s c r i b e d  by the equat ion 
a P  
a r  
2 -112 c 
vL = C, - (kT) -
w h e r e  k T  i s  the a v e r a g e  e l e c t r o n  ene rgy ,  B is the magne t i c  f ie ld  
s t r e n g t h ,  c is the veloci ty  of l ight ,  a n d  a p / a r  is the r ad ia l  dens i ty  
g rad ien t .  The  r ad ia l  c u r r e n t  densi ty  j e  then becomes  
I t  should be emphas ized  that the l a t t e r  re la t ion  is not r e s t r i c t e d  to 
the a s sumpt ion  of a uni form magnet ic  f ie ld  which w a s  u s e d  in  the theory.  
E v e n  with a r b i t r a r y  shaped  magnet ic  f i e lds  the c r o s s - f i e l d  c u r r e n t  dens i ty  
a t  a n y  loca t ion  is given by the above r e l a t ion  as  long a s  c r o s s - f i e l d  
diffusion gove rns  e l ec t ron  t r anspor t  to the anode .  A l l  indicat ions a re  that 
37 
38 
this is  the c a s e  in t h r u s t e r  d i s c h a r g e s  
diverging magnet ic  f ie ld  configurat ions.  
using both uni form and  
A second quant i ty  r equ i r ed  h e r e  i s  the e x t r a c t e d  ion c u r r e n t  
density j i .  
a s  is the c a s e  in  t h r u s t e r  d i s c h a r g e s ,  a p r e - s h e a t h  f o r m s  n e a r  the e x -  
t ract ion su r face .  
o r d e r  of 1 / 2  k T e / e ,  a n d  ions a r r i v e  a t  the shea th  edge with the veloci ty  
If the t h e r m a l  ion e n e r g y  is smaller than that  of the e l e c t r o n s ,  
The potent ia l  d r o p  a c r o s s  the p r e - s h e a t h  is on  the 
The plasma dens i ty  d e c r e a s e s  s l ight ly  a c r o s s  the p r e - s h e a t h  and  a t  the 
shea th  edge amoun t s  to 
where  p is the unper turbed  p l a s m a  dens i ty  a n d  C1 is exp  ( -0 .5 )  which is 
approximate ly  0 .6 .  
becomes 
The  ion c u r r e n t  dens i ty  a t  the shea th  edge  t h e r e f o r e  
A th i rd  quantity r e q u i r e d  is the ionizat ion m e a n  f r e e  path f o r  n e u t r a l s  
A N .  
neu t ra l s  VN which is 
T O  obtain A N  we compute f i r s t  the ionization f r equency  fo r  the 
- - P / e  
N VN - vi  
where  Ti 
densi ty ,  and  N is the n e u t r a l  dens i ty .  
is the ionizat ion f r equency  of the e l e c t r o n s ,  p is the p l a s m a  
The  m e a n  free path then  becomes  
where  7 
vN is the t h e r m a l  gas  veloci ty .  
is the e l e c t r o n  ionizat ion f r equency  a t  unit  neu t r a l  dens i ty  a n d  i o  
F o r  the purpose  of obtaining sca l ing  laws  i t  should be suff ic ient  to 
conver t  the above  de r ived  e x p r e s s i o n s  f o r  j e ,  j i ,  a n d  A N  into p r o p o r -  
t ional i t ies  a n d  c o n s i d e r  the va r ious  v a r i a b l e s  a s  r e p r e s e n t a t i v e  a v e r a g e s  
( indicated by a n  3 s t e r i s k ) .  
tive a p / a r  by pq./r*.  This  l e a d s  to  
Along the s a m e  l ines  we r e p l a c e  the d e r i v a -  
4. J. 
-3. j i  +' (kT:::) 1 / 2  
i 
w h e r e  v was  e l imina ted  because ,  in  f i r s t  o r d e r ,  i t  should be independ- 
en t  of t h r u s t e r  s i z e  and  geomet ry .  
ing the proport ional i ty  be tyeen  the total  e l e c t r o n  c u r r e n t  I e a n d  r ad ia l  
e l ec t ron  c u r r e n t  dens i ty  j : 
N We need  one m o r e  re la t ion ,  e x p r e s s -  
z. 
e 
T o  obtain specif ic  sca l ing  l aws  we m u s t  impose  conditions which a s s u r e  
c e r t a i n  d e s i r a b l e  sca l ing  f ea tu res :  
1 .  The e l e c t r o n  t e m p e r a t u r e  cannot be p e r m i t t e d  to  change 
with t h r u s t e r  s i z e  because s ingle  a n d  double ionizat ion 
e n e r g i e s  of the propel lant  g a s  provide a re la t ive ly  n a r r o w  
usab le  ene rgy  range.  We s e t  t he re fo re  kT" = cons tan t .  
2 .  F o r  ion-opt ical  r e a s o n s  the ex t r ac t ed  ion c u r r e n t  dens i ty  
should r e m a i n  constant :  j '* = cons tan t ,  
The  propel lan t  uti l ization should not change with t h r u s t e r  
s i ze .  
4- 
i 
3 .  
This  r e q u i r e s  that Xi/&" = constant .  
T h e  p n e ~ m x r  l n a a n c  nec e i n r t n r l  ion a l c n  c h n ~ i l r l  he inr lenpnrl -  r- --- yuA u J - u " u -  --.a - ^ - -  - - *vu&- -- _.--- 6 Y  L v y y ~ y  4. 
en t  of t h r u s t e r  s i ze .  Because  the total  e x t r a c t e d  ion 
c u r r e n t  is proport ional  t o  r:k2 (as long as  j':z = cons tan t ) ,  
a n d  because  the d i scha rge  voltage cannot change ( to  
a s s u r e  that  kT:: = constant)  the e l e c t r o n  c u r r e n t  m u s t  
v a r v  as  I, -r-" 2 e 
These  four  conditions in conjunction with the above  d e r i v e d  four  
propor t iona l i t i es  immedia te ly  yield the following sca l ing  re la t ions :  
4, 
.e" = cons tan t  
P"'. cons tan t )  
Accord ingly ,  if the d i scha rge  p l a sma  length is kept cons tan t  a n d  i f  the 
m a g n e t i c  f ie ld  is d e c r e a s e d  b y h e  I I ~ _  s a m e  r a t i o by which the t h u s t e r  
d i a m e t e r  i s  in c r e a s e d ,  the sca led-up  t h r u s t e r  should have o v e r - a l l  
p r o p e r t i e s  which equal  those  of the or ig ina l  vers ion .  In  p a r t i c u l a r ,  the 
plasma dens i ty  d is t r ibu t ion  should r e m a i n  unchanged. 
s i n c e  the e l ec t ron  c u r r e n t  densi ty  is proport ional ly  i n c r e a s e d ,  the l i fe -  
t i m e  of the a v e r a g e  e l ec t ron  r ema ins  unchanged and hence  wil l  undergo  
the s a m e  n u m b e r  of ionizing col l is ions.  T h e r e f o r e ,  the ene rge t i c  re- 
l a t i onsh ips  in  the d i scha rge  should r e m a i n  p r e s e r v e d ,  in p a r t i c u l a r ,  the 
e n e r g y  l o s s e s  p e r  e j ec t ed  ion should not change. F ina l ly ,  with cons tan t  
plasma densi ty ,  constant  e l ec t ron  e n e r g y  and  cons tan t  length of the 
plasma, the ionization m e a n  fo rce  path a n d  hence the propel lan t  ut i l i -  
za t ion  should r e m a i n  unchanged, 
F u r t h e r m o r e ,  
39 
I 
A bas ic  shor tcoming of t hese  sca l ing  laws  is tha t  they cannot  
take into accoun t  m o r e  subt le  changes  in  the d i scha rge  p r o p e r t i e s  which 
may  r e s u l t ,  f o r  example ,  f r o m  changes in  the magne t i c  f ie ld  g e o m e t r y  
as  the t h r u s t e r  l eng th - to -d iame te r  r a t i o  i s  var ied .  Indeed, this  i s  the 
very r e a s o n  why the e a r l i e r  evolved physical  r e q u i r e m e n t s  f o r  good p e r -  
f o r m a n c e  a r e  s o  e s sen t i a l .  
tai led m e c h a n i s m s  of the d i s c h a r g e  a r e  l ike ly  to change l i t t l e ,  a n d  the 
scal ing laws  should have validity.  
If these  r e q u i r e m e n t s  a r e  s a t i s f i e d  the d e -  
The above scal ing r u l e s  pe r t a in  to the d i s c h a r g e  p l a sma .  A 
sepa ra t e  s e t  of ru l e s  app l i e s  to the hollow cathode p l a s m a  a n d  the 
in te r face  between hollow cathode p l a s m a  a n d  d i scha rge  p l a sma .  Because  
l i t t le  is known about  the d i s c h a r g e  m e c h a n i s m  in hollow cathode p l a s m a s ,  
a sca l ing  re la t ion  cannot be given a t  this  t ime.  
cathode configurat ion (including s i z e  a n d  s - h p e  of cathode housing a n d  
baffle) f o r  a s c a l e d  t h r u s t e r ,  i t  would a p p e a r  bes t  to p e r f o r m  su i tab le  
p a r a m e t e r  s tud ies .  
To  opt imize the hollow 
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I IV. CONCLUSIONS 
The w o r k  p e r f o r m e d  under th i s  c o n t r a c t  h a s  l e d  to s ignif icant  
advances  in the understanding and  p e r f o r m a n c e  opt imizat ion of Kaufman 
t h r u s t e r  d i scha rges .  In this  sect ion we s u m m a r i z e  the m o s t  s ignif icant  
conclusions a n d  m a k e  s e v e r a l  recommendat ions .  
Equal ly  e f f ic ien t  t h r u s t e r  operat ion c a n  be obtained in  a number  
of different  t h r u s t e r  g e o m e t r i e s .  
po r  tan t  f e a t u r e s  : 
A l l  have in  c o m m o n  the following im- 
1. 
2. 
3 .  
4. 
The magne t i c  f ie ld  m u s t  s p r e a d  f r o m  the cathode to  the 
s c r e e n  e l ec t rode  s o  tha t  p r i m a r y  e l e c t r o n s  can  r e a c h  
a l m o s t  the e n t i r e  s c r e e n  su r face .  This  r e s u l t s  in a 
p l a s m a  with relat ively uniform dens i ty  a n d  e l e c t r o n  
t e m p e r a t u r e  dis t r ibut ions.  
as  a n  e f fec t ive  b a r r i e r  a c r o s s  the s c r e e n  e l e c t r o d e  aga ins t  
e s c a p e  of the neut ra l  p rope l lan t  gas .  
A p l a s m a  of this  type s e r v e s  
The anode a n d  all e l ec t rodes  a t  cathode potent ia l  m u s t  be 
a r r a n g e d  with r e spec t  to  the magnet ic  f ie ld  s o  that  a 
Penning  d ischarge- type  confinement  r e s u l t s .  In pa r t i cu -  
lar, those f ie ld  l ines  which guide p r i m a r y  e l e c t r o n s  m u s t  
not i n t e rcep t  o r  come  too c lose  to the anode .  A s  a conse -  
quence ,  all p r i m a r i e s  r ema in  t r apped  suff ic ient ly  long to  
expend the i r  kinet ic  ene rgy  i n  ionizing, exci t ing a n d  
ene rgy  s ha r ing  c ollisi ons a 
With a hollow cathode, the outflow of e l e c t r o n s  into the 
d i scha rge  region mus t  be l imi t ed  by geomet r i ca l  ob- 
s t ruc t ions  a n d  magnet ic  f ie lds  t o  p reven t  e x c e s s i v e  e l ec  - 
t r o n  flow r a t e s  through the d i scha rge .  
voltage c a n  then be r a i s e d  to  a l eve l  w h e r e  the ionizat ion 
eff ic iency is high. 
T h e  d i scha rge  
A high ion-opt ical  t r ansmiss ion  m u s t  be used .  
t r ~ n s r r ~ i s s i o n   the o rde r  of ?O%, the d i s c h a r g e  adopts  
a p a r t i c u l a r l y  favorable  potent ia l  d i s t r ibu t ion  which con-  
f i n e s  ions radial ly .  
c ha rg  e pe r f o rma nc e 
With a 
This  s ignif icant ly  i m p r o v e s  d i s  - 
T h r u s t e r  c h a m b e r s  built in a c c o r d a n c e  with these  gene ra l  r u l e s  
a r e  found to be s i m i l a r l y  good i n  pe r fo rmance .  S e v e r a l  hollow cathode 
t h r u s t e r s  (SERT-11, Hughes - exper imenta l  No. 2 ;  J.P. L. -20 c m ;  
a n d  Hughes - r ad ia l  f ie ld  t h r u s t e r )  consume on the o r d e r  of 190 to 230 e V /  
ion a t  8570 propel lan t  uti l ization. 
(SERT-11, Hughes - exper imenta l  No. 1 ;  and  the J .  Po  L. 2 0  c m  t h r u s t e r )  
r e q u i r e  about  130 to  170 e V / i o n  a t  8570 propel lan t  ut i l izat ion.  
e r e n c e  between hollow cathode and oxide cathode t h r u s t e r s  is wel l  
accoun ted  f o r  by the addi t ional  power consumed in the hollow cathode 
plasma, which amoun t s  to  about  50 to 70 e V / i o n  (and which i s  not c o m -  
p le te ly  l o s t  because  i t  h e a t s  the cathode).  
Seve ra l  oxide cathode t h r u s t e r s  
The diff- 
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Although I i Eerent t h r u s t e r s  m a y  be similar in  p e r f o r m a n c e ,  they 
s t i l l  p roduce  s-ignificantly d i f fe ren t  ion beam prof i les .  
radial  magnet ic  f ie ld  e j e c t  a m u c h  f l a t t e r  ion beam than those  with a 
gradual ly  diverging magne t i c  f ie ld .  
ditions a rad ia l  f ie ld  t h r u s t e r  thus c a n  be ope ra t ed  a t  nea r ly  twice the ion 
beam c u r r e n t  and ,  accord ingly ,  a t  near ly  twice the t h r u s t  l eve l .  
T h r u s t e r s  with a 
Under  o therwise  comparab le  con-  
Seve ra l  o ther  inLeresting f ac t s  a n d  f e a t u r e s  have come  to l ight  
under this con t r ac t .  
1. Accord ing  to the d i scha rge  theo ry  developed h e r e ,  s ca l ing  
of t h r u s t e r s  is gove rned  by the following basic  r e q u i r e -  
m e n t s  : 
a.  the effect ive p l a s m a  length m u s t  r e m a i n  cons tan t  
b. the magne t i c  f ie ld  s t r eng th  m u s t  d e c r e a s e  inve r se ly  
with the sca l ing  f ac to r .  
2 .  D i scha rge  opera t ion  a t  voltages as  high a s  50 V is d e s i r -  
a b l e  i n  hollow cathode t h r u s t e r s  because  p r i m a r y  e l e c -  
t r o n s  a r e  injected with about  12 to 13 eV l e s s  e n e r g y  than 
c o r r e s p o n d s  to ful l  d i s c h a r g e  potent ia l .  
3 .  Opera t ion  a t  high d i s c h a r g e  vol tages  m a y  be sa fe  if the 
p l a s m a  in t e r f ace  between hollow cathode a n d  d i s c h a r g e  
p l a s m a s  is or ien ted  s o  tha t  ions cannot  r e a c h  a n d  e r o d e  
the cathode tip. 
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v) 
V 
G 
0 
c, 
0 
cd 
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X w 
.d 
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I a J  
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0” 
r - . - .  v r -  
0 9  
P N  w r r ,  
0 0  
O N  
a m  
0 0  
4 - 4  
0 0  
m m  
a *  
0 0  
. .  
-1 0 0  
45 
A r c  Discharge 
V D I V  ID* A p ~ t  w
I 
Ion Beam Performance 
mA Idrain, m A  qm, % eV/Ion 
I 
43.5 
35 
45 
40 
33.2 
27.6 
193 
171 
228 
220 
205 
190 
12.3 0.42 5 . 2  32.4 3.2 103.8 270 2 . 0  
13.1 0.43 5 . 6  32 2 .4  76 .8  256 2 . 2  
13.6 0.43 5 . 9  32 2 . 1  67 .2  249 2 . 3  
14 0.43 6.0 31.8 1 .58  50 220 2 . 4  
87.7 3 84 
83.2 300 
81 269 
71.5 227 
83 
81 
76.5 
68.5 
6 0 . 8  
3 00 
260 
216 
182 
164 
TABLE I1 
T h r u s t e r  P a r a m e t e r s  fo r  P e r f o r m a n c e  Mapping of NASA-LeRC S E R T  I1 
Model T h r u s t e r  Opera ted  with Sp i r a l  and Magazine Type Oxide Cathodes 
and a Hollow (Discha rge )  Cathode, shown i n  F i g .  11  
Cathode Heater  
40 265 0 . 9  91 .6  362 ~ 
35 1 f::: I :.4 I 255 1 I :.5 I 323 
30 70.5 245 287 , 
175 1 . 4  i: I ::? I 2:'7 1 240 1 1 . 0  
35 1 . 5  52 .5  22 1 1 .1  
30 
25 
45 
40 
35 
30 
1.45 
1 . 4  
1 . 0  
1 .0  
0.95 
0.92 
1 . 3  
1 . 5  
1 . 0  
1 . 2  
1 . 4  
1 .7  
77 .8  
7 1 . 0  
7 8 . 8  
76 
71 
65.6 
193 
171 
197 
182 
162 
145 
Magazine Oxide Cathode, Equivalent Neutral Curren t  = 306 mA -
49 
45 
40 
35 
30 
50 
4 5. 
40 
35 
30 
50 
45 
40 
36 - 
113 7 263 0.7 
0.75 
0 . 8  
0 . 9  
1.05 
0 . 8  
0 . 8  
0.85 
0 . 9  
0 . 9  
1 . 0  
1 . 0  
1 . 0  
1 . 0 5  
430 
395 
37 2 
365 
400 
27 3 
258 
238 
23 1 
227 
200 
185 
172 
163 
4 . 2  
3.9 
3.5 
8 5 . 8  
83.8 
80.6 
76 .6  
68 .6  
74.2 
72.5 
70.2 
6 7 . 8  
64 .6  
61.1 
59 .4  
57 
53.9 
156 
136 
116 
2 . 3  
2.25 
2 . 3  
2 .4  
2 .8  
1 .25  
1.2'; 
1 .2  
1.37 
1 . 5  
0.75 
0.75 
0.75 
0 .75  
37 
35 
33 
101.5 257 
92 I 247 35 
85.8 
84 210 
62.5 I 229 
57.2 222 
215 
208 
198 
187 
182 
175 
165 - 
Hollow Cathode, Equivalent Neutral Curren t  299 mA, 251 mA through Main Feed System, 48 mA through 
Hollow Cathode, Cathode Heater 3 V, 7A, 21 W, Recent LeRC Baffle Design 
11 
1 1 . 2  
1 1 . 4  
11 .8  
12 .0  
12.3 
12 .4  
12 .4  
0 .2  
0.2 
0.2 
0.2 
0 .2  
0 .2  
0.2 
0.2 
2 . 2  
2 . 2  
2 . 3  
2 . 4  
2.4 
2.5 
2.5 
2 . 5  
37 .5  
37.2 
36 .3  
36 .9  
37 
37.7 
37.3 
36.8 
I 85 I 465 
I i . 2  I % 
248 1 . 0  
242 1 . 0  
1 . 1  
205 1 . 3  
1 . 4  
62 .9  
1 .31  49 .4  
37.3 
0.8 29.4 
I I I I I 
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TABLE III 
T h r u s t e r  P a r a m e t e r s  and Langmui r  P r o b e  Data 
f o r  SERT-I1 T h r u s t e r  Discharge  P r o p e r t i e s  Shown in F i g .  14 
~ 
T h r u s t e r  P a r a m e t e r s  
D i scha rge  Voltage 
Di scha rge  Cur  r e n t  
B e a m  Voltage 
Decelera t ing  Voltage 
B e a m  C u r r e n t  
Dra in  C u r r e n t  
Neu t ra l  C u r r e n t  (equivalent 
37 v 
1.7 A 
3 kV 
2 kV 
242 m A  
1 mA 
299 m A  to t a l  
(48 m A  through Hollow Cathode)  
2 f t  Vacuum C h a m b e r  Fac i l i t y ,  4 x T o r r  P r e s s u r e ,  
2 Axial Dis tance  fmm t he  P r o b e  to the  U p s t r e a m  Boundary  
of the Di scha rge  C h a m b e r  
T z m p e r a t e  T,. 
Density of P r i m a r y  E lec t rons  with A v e r a g e  E n e r g y  E eVo, 
I Density of "Maxwellian" E lec t rons  with Equiva len t  
E Tota l  P l a s m a  Density 
Z / v D  I Rat io  of P l a s m a  Potent ia l  to  Anode Voltage 
Z, 
c m  
1 . 8  
2 . 8  
3 . 5  
4 . 0  
5 . 8  
7 . 8  
9 . 8  
1 1 . 8  
12 .7  
- 
- 
R ,  
c m  
- 
3 
4 
5 
6 
3 
4 
5 
6 
0 . 5  
1 . 5  
2 . 5  
4 
6 
0 . 3  
1 . 0  
2.  a 
3 . a  
1 . 0  
2 . a  
3 
4 
5 
6 
1 
3 
5 
7 
1 
3 
5 
7 
1 
3 
5 
7 
1 
3 
5 
7 
! 
3 
5 
7 
- 
0 . 9 9  
1 . 0  
1 . 0 1  
1 . 0 3  
0 . 9 9  
1 . 0 2  
1 . 0 3  
1 . 0 3  
0 . 3 5  
0 . 4 0  
0 . 9 0  
0 . 9 8  
1 . 0 1  
1 . 0 3  
1 . 0 4  
1 . 0 4  
1 . 0 6  
1 . 0  
1 . 0 7  
! . n 5  
1 . 0 3  
1 . 0 3  
1 . 0 1  
1 . 0 9  
1 . 0 8  
1 . 0 5  
1 . 0 2  
1 . 0 8  
1 . 0 6  
1 . 0 5  
1 . 0 4  
1 . 0 2  
1 . 0 1  
0 . 9 9  
1 . 0 3  
0 . 9 7  
0 . 9 6  
0 . 9 4  
1 . 1 1  
0 . 9 2  
0 . 9 5  
0 . 9 8  
1.0! 
n 
Pe 
l o i G  c m - 3  
0 . 0 5  
0 . 0 5  
0 . 0 2  
0 .01  
0 . 2  
0 . 0 4  
0 . 0 2  
0 . 0 1  - - 
1 . 1  
1 . 2  
2 . 3  
0 . 2  
0 . 1  - 
- 
0 . 6  
0 . 4  
0 2  
0 . 1  
0 . 1  
4 . 6  
1 . 6  
0 . 0 2  
0 . 1  
0 . 3  
0 . 1  
0 . 8  
0 . 4  
0 . 2  
0 . 1  
0 . 8  
0 . 6  
0 . 7  
1 . 3  
0 . 4  
0 . 8  
4 . 2  
! . 8  
- 
- 
- 
- 
eVo, 
eV 
21 
15 
10 
6 
14 
16 
10 
5 - 
- 
21 
22 
29 
27 
21 - - 
31 
32 
32 
22 
10 
28 
26 
17 
34 
33 
26 
31 
30 
18 
8 
28 
29 
26 
23 
25 
26 
20 
2 2  
- 
- 
- 
- 
n me 
l o l o  c m - 3  
1 . 6  
1 . 1  
1 . 0  
0 . 7  
2 . 8  
1 . 8  
1 . L  
0 . 8  
1 6 . 1  
5 . 8  
1 . b  
3 . 4  
5 . 1  
4 . 6  
2 . 4  
1 . 0  
9 . 4  
8 . 9  
9 . 8  
10.7 
3 . 0  
1 . 5  
1 . 0  
1 0 . 7  
7 . 3  
2 . 1  
0 . 1  
1 2 . 4  
8 . 5  
2 . 3  
0 . 4  
9 . 6  
7 . 8  
2 . 9  
0 . 6  
6 . 6  
6 . 1  
3 . 5  
6 . 1  
5 . 0  
- 
- 
- 
3 . 7  
2 . 3  
1 . 6  
0 . 8  
4 . 4  
2 . 9  
1.3 
0 . 8  
0 . 8  
1 . 6  
2 . 8  
3 . 9  
6 . 5  
5 . 3  
3 . 5  
0 . 7  
1 0 . 5  
9 . 4  
8 . 0  
6 . 3  
3 . 5  
1 . 3  
0 . 7  
4 . 7  
5 . 5  
2 . 2  
0 . 4  
8 . 4  
7 . 9  
3 . 7  
0 . 4  
7 . 5  
7 . 7  
5 . 9  
0 . 9  
7 . 3  
8 . 2  
7 . 0  
7 . 3  
7 . 0  
- 
- 
- 
- 
n 
P 
LOl0 
1 . 6  
1 . 1  
1 . 0  
0 . 7  
3 . 0  
1 . 8  
0 . 8  
16 .1  
5 . 8  
2 . 9  
5 . 6  
5 . 4  
4 . 8  
2 . 4  
1 . 0  
9 . 4  
9 . 4  
1 0 . 2  
10 .7  
3 . 0  
1 . 6  
1 . 0  
1 5 . 2  
8 . 9  
2 . 1  
0 . 1  
1 2 . 5  
8 . 8  
2 . 4  
0 . 4  
10 .4  
8 . 2  
3 . 1  
0 . 6  
7 . 4  
6 . 7  
4 . 2  
1 . 3  
6 . 5  
5 .  8 
4 . 2  
1 . R  
1 . L  
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TABLE V 
0 
A 
V 
C 
C 
t 
T h r u s t e r  P a r a m e t e r s  f o r  P e r f o r m a n c e  
Mappings  shown in F i g .  17 
F a c i l i t y  - 2 f t  C h a m b e r ,  P r e s s u r e  2 . 5  x T o r r  
C a t h o d e  - S p i r a l  O x i d e ,  104 W H e a t e r  P o w e r  
M a g n e t i c  F i e l d  - U n i f o r m  C o n f i g u r a t i o n  2 . 5  A 
B e a m  V o l t a g e  - 3 kV 
D e c e l e r a t i n g  Vo l t age  - 2 kV 
O p t i c s  - T y p e  A (48% Open  A r e a )  
N e u t r a l  F l o w  - 268  m A  E q u i v a l e n t  ( S t a n d a r d  
Parameter - D i s c h a r g e  C h a m b e r  L e n g t h - t o -  
Al l  Wind ings  
R e v e r s  e I n j e c t i o n )  
D i a m e t e r  R + t i o  ( L / D )  
1 . 1 4  
0 . 9 7  
0 .80  
0.63 
0 .45  
0 . 2 8  
1 .78  
i . 7 8  
4 8 . 5  
1 .62  
1 .64  
1 . 5 4  
1 . 5 2  
1 . 5 3  
1 .35  
2 4  1 . 0  
4 8 . 5  1 . 4 3  
45 1 . 3 9  
40 1 . 3 8  
35 1 . 4  
30  1 . 4  
2 7 . 5  0 . 9 5  
4 8 . 5  1 . 3 1  
45 1 . 3 1  
40 1 . 3  
35 1 . 3 2  
3 2 . 5  1 . 0 9  
4 8 . 5  1.3 
45 1 . 2 3  
40 0.78 
36 0 . 5 5  
8 4 . 9  
7 9 . 1  
7 1 . 2  
62 .3  
53.5 
4 1 . 3  
26.8 
80 
7 2 . 8  
65 .6  
47.7 
39 
2 4 . 3  
- I  - 
3 0 . 1  
7 5 . 2  
68 .4  
6 1 . 6  
5 3 . 2  
45 .9  
33 .8  
24 
6 9 . 4  
62.5 
5 5 . 2  
49 
42 
2 6 . 1  
63.5 
59 
52 
4 6 . 2  
35 .4  
6 3 . 1  
55 .3  
3 1 . 2  
1 9 . 8  
265  0 . 9  99 
258  0 . 9  96 
242  1.0 90 
225 1 . 0  8 4  
2 0 0  1 . 1  74 .5  
263  0 . 9  9 8 . 2  
255 0 . 9  9 5 . 2  
241  1 . 0  90  
223  i . 6  84 
1 9 8  
1 5 4  1 iii 1 :::: 
9 1  3 4  
2 6 4  0 . 9  9 8 . 5  
255  1 . 0  95.2 
242  1 .0  90 .3  
225  1 .1  84 
200  1.1 74 .6  
145 1 . 2  5 4 . 1  
9 1  1 . 2  3 4  
8 1 . 3  
7 0 . 8  
E 
! V h b l l  
3 2 1  
306 
2 9 4  
277 
267 
258  
268  
3 0 4  
285 
27 2 
252 
24 1 
253 
267 
2 8 4  
26 8 
2 5 4  
237 
230  
233 
2 6 4  
27 2 
255 
23 8 
225 
22 1 
275 
262  
25 1 
23 1 
225 
281 
308 
281 
37 5 
37 5 
.The D a t a  f o r  t h e  S E R T - I 1  T h r u s t e r  a r e  g i v e n  in  
T a b l e  IV;  C a t h o d e  H e a t e r  P o w e r  = 106 W .  4 9  
TABLE V I  
5 0  
T h r u s t e r  P a r a m e t e r s  fo r  P e r f o r m a n c e  
Mappings shown in  F i g .  18 
~ ~ ~ ~ _ _ _  
-7  
F a c i l i t y  - 2 i t  C h a m b e r ,  P r e s s u r e  2 x 10  T o r r  
C a t h o d e  - S p i r a l  O x i d e ,  
M a g n e t i c  F i e l d  - D i v e r g e n t  C o n f i g u r a t i o n ,  
Windings 1-4 ,  1 .  5 A 
Winding 5-8 ,  6 A 
B e a m  Vol t age  - 3 kV 
D e c e l e r a t i n g  V o l t a g e  - 2 kV 
O p t i c s  - T y p e  A (48% O p e n  A r e a )  
N e u t r a l  F l o w  - 265 m A  E q u i v a l e n t  ( S t a n d a r d  
P a r a m e t e r  - D i s c h a r g e  C h a m b e r  L e n g t h  t o  
103 W H e a t e r  P o w e r  
R e v e r s e  I n j e c t i o n )  
D i a m e t e r  R a t i o  ( L / D )  
1 . 1 4  4 8 . 5  1 . 0 9  5 2 . 8  240 
45 1 . 0 7  4 8 . 2  230 
40  1 .03  4 1 . 2  213 
35 0 . 9 8  3 4 . 3  193 
30  0 . 9 3  2 7 . 9  168 
27 0 . 9  24.3 145 
0 . 9 7  4 9  1 . 0 4  51  240 
45 1 . 0 2  4 5 . 8  230 
40 1 . 0  4 0  21 8 
35 1 . 0  35 199 
30  0 . 9 6  2 8 . 8  172  
2 7 . 5  0 . 8 8  2 4 . 2  150  
0 . 8 0  49 
45 
40  
35 
3 0  
2 6 . 8  
0 . 6 3  48 .9  
45 
40  
35 
30 
2 6 . 2  
0 .45  4 8 . 2  
45 
4 0  
35 
3 0  
27 .5  
0 . 2 8  48 .9  
45 
40 
35 
3 3 . 8  
1 . 0 8  
1 . 0 4  
1 .03  
1 . 0 1  
1 . 0  
0 . 9  
53 243 
4 6 . 8  232 
4 1 . 2  222 
3 5 . 4  202 
30  179  
24 .2  151  
1 . 0 8  5 2 . 8  241  
1 . 0 7  4 8 . 2  233 
1 . 0 8  4 3 . 2  221  
1 . 0 6  3 7 . 1  205 
0 . 9 9  2 9 . 7  178  
0 . 9 3  2 4 . 4  1 4 8  
1 . 0 9  5 2 . 5  232  
1 . 0 7  4 8 . 2  227 
1 . 0 6  4 2 . 4  2 1 4  
1 . 0 4  3 6 . 4  1 9 8  
1 . 0  3 0  171  
0 . 8 8  2 4 . 2  1 2 9  '
- 
IA * 
nA 
1.9 
L.0 
L .0  
L . l  
L . l  
L .2 
1 . 9  
1 . 0  
1.0 
1.0 
1 .1  
1 .2  
I .  9 
1 . 0  
1 . 0  
1.1 
1 . 1  
1 . 2  
3 . 9  
1 . 0  
1 . 0  
1 . 0  
1 . 1  
1 . 2  
- 
- 
- 
- 
- 
1 . 0  
1 . 0  
1 . 1  
1 . 1  
1 . 2  
1 . 3  - 
1 . a  
1 . c  
1 . 1  
1 . 1  
1.3 - 
9 0 . 5  220 
8 6 . 8  209  
8 0 . 4  194  
7 2 . 8  178 
6 3 . 4  166 
54 .7  168  
9 0 . 5  212 
8 6 . 8  200  
8 2 . 3  184  
7 5 . 0  176 
6 4 . 9  168  
5 6 . 6  162  
9 1 . 6  21 8 
8 7 . 5  202  
83 .8  186 
7 6 . 3  175 
67 .5  168  
5 7 . 0  160 
91 219 
88 207 
8 3 . 4  196 
7 7 . 4  181 
6 7 . 2  167 
5 5 . 8  165 
8 7 . 5  228 
85 .7  212 
8 0 . 7  198  
7 4 . 7  184  
6 4 . 5  176 
4 8 . 7  188 
86 322  
8 3 . 4  305 
80 2 87 
5 7 . 7  286 
2 4 . 2  322 
O S E R T - I 1  T h r u s t e r  P a r a m e t e r s  a r e  g i v e n  in T a b l e  IV;  
C a t h o d e  H e a t e r  P o w e r  = 106 W 
TABLE VI1 
0.3 2.5 
0 180 175 
1 .3  170 185 
2.6 155 175 
3. 8 135 145 
5 . 0  105 75 
B e a m  C u r r e n t  ( in M i l l i a m p e r e s )  as  a Funct ion  of Cathode P o s i t i o n  f o r  
Cons tan t  Neu t ra l  F low Ra te  (300 m A  Equivalent)  a n d  Cons tan t  D i s c h a r g e  
P o w e r  ( Z  i s  the  Dis tance  of t h e  Cathode f r o m  the  S c r e e n  in c m  and  R 
is the  Dis tance  of the Cathode f r o m  the Di scha rge  C h a m b e r  Axis  i n  cm) 
4.7  7 . 3  9. 8 
185 190 210 
170 185 205 
160 165 175 
130 135 130 
85 55 75  
D i s c h a r g e  P o w e r  Constan t  a t  72 W I 
0 
1.3 
2.6 
3. 8 
5 . 0  
0.3 2.5 4.7 7 .3  9. 8 
210 215 210 225 240 
205 215 215 215 240 
190 200 205 210 220 
160 165 170 165 165 
110 90  
I D i s c h a r g e  P o w e r  Cons tan t  a t  90 W 
I 
9 1 . 2  
7 9 . 5  
56 
4 7 . 6  
3 7 . 1  
80 
7 0 . 4  
6 1 . 4  
5 3 . 3  
4 5 . 6  
34 
195 
180  
150 
135 
100 
190 
180 
160 
140 
120 
95  
TABLE VI11 
T h r u s t e r  P a r a m e t e r s  f o r  P e r f o r m a n c e  Mapping with Cathode Pos i t i on  
Var i ed  along the Di scha rge  Axis  Shown in F i g .  1 9  
~~ ~~ 
Z i s  the d i s t ance  f r o m  ca thode  t o  s c r e e n  
Equivalent  n e u t r a l  flow = 290 m A  
Acce le ra t ion  voltage = 3 kV 
Decelera t ion  vol tage = 2 kV 
Cathode h e a t e r  voltage = 1 . 9  V 
Cathode h e a t e r  c u r r e n t  = 2 4 . 8  A 
Opt ics  - Type A (48% open  area)  
I A r c  Discha rge  I Ion  B e a m  P e r f o r m a n c e  
ID, A I pD' I 'beam' m A  m A  I 'drain '  % ' m' eV/lon 
255 
225 
180 
140 
100 
88 
7 8  
62  
4 8 . 4  
3 4 . 5  
44  1 
3 96 
358  
335 
355 
0 
0 
A 
V 
0 
9 . 8  45 
38 
28 
2 3 . 5  
21 
2 . 5  112 
2 . 3 5  90 
2 . 3  6 5  
2 . 0  47 
1 . 7  36 
1 . 8  
1 . 8  
2 . 0  
2 . 0  
1 . 8  
240 
220 
200 
170 
120 
1 . 9  
1 . 9  
2 . 0  
2 . 0  
2 . 0  
8 2 . 7  
76 
6 9  
5 8 . 6  
4 1 . 5  
43 2 
381 
3 57 
364  
358 
2 . 3 5  104 
2 . 3  82 
2 . 1  71 
2 . 2  62 
1 . 9 5  43 
7 . 3  44  
3 6 . 5  
34 
28 
22 
220 
200 
180 
160 
130 
100 
2 . 0  
2 . 0  
2 . 0  
2 . 0  
2 . 0  
2 . 0  
74  
69  
62  
5 8 . 2  
45 
3 4 . 5  
46 0 
41 5 
3 92 
37 0 
369 
400 
4 . 7  46 
4 1 . 5  
32 
2 7 . 5  
23  
2 0 . 5  
2 . 2  102 
2 . 0  83 
2 . 2  70 
2 . 1 5  59 
2 . 0 9  48  
1 . 9 5  40 
1 . 9  
1 . 8 5  
1 . 6  
1 . 7  
1 . 6 5  
67 
62 
52 
4 6 . 6  
3 4 . 5  
46 8 
442 
373 
353 
391 
2 . 5  4 8  
43  
35  
28  
2 2 . 5  
O e 3  ' E.5 
2 3 . 5  
1 . 7  
1 . 9  
1 . 9 5  
1 . 9  
1 . 7 5  
1 . 4 5  
6 5 . 5  
62 
5 5 . 2  
4 7 . 2  
4 1 . 5  
3 2 . 8  
420 
390 
3 84 
3 80 
380 
360 
2 . 0  
2 . 0  
1 . 8  
5 2  
4 
m 
N 
0 
0 
m 
a, 
k 
3 
(I] 
m 
a, 
k 
PI 
z 
0 
b 
r= 
I 
0 
x 
N 
-4 
h 
ld 
0 
N 
M 
Y 
.r( crc 
a, 
a, 
m 
s 
k 
0 0 0 d N - +  . . . . . .  - - .- .* il 
X 
w 
4 
4 
k 
H 
a 
r - +  
. . . . . .  
c r c r - 4 0 0 0  
9 m 9 m 
0 
co 
I - 1  
a 
k 
rd 
k 
3 
z 
I 1 
0 
X 
w 
4 
E9 
4 
b 
a, 
k 
5 rn 
m 
a, 
k 
PI 
k 
k 
0 
b 
r 
I 
d 
0 
x 
N 
n e 
0 
N 
M 
Y 
.rl cr 
a, 
a, 
rn 
c, 
$ 
M 
c 
0 
- u  
"" 2 
a, 
In 
co 
N 
0 
rc) 
, 
1 
0 4 
In 
Ln 
N 
N mcocn 
o o m m c o  
- I ~ O O O  
. . . . .  
54 
TABLE XI  
330 ‘ 90 
8 5 . 5  
82 
7 8 . 8  
7 6 . 4  
7 2 . 1  
66 
59 .4  
0 
A 
0 
A i 64 
158 
154 
150 
148 
143 
140 
138 
T h r u s t e r  P a r a m e t e r s  f o r  P e r f o r m a n c e  Mappings 
Shown in  F i g .  23 
Faci l i ty  - 2 ft  Chamber ,  2 x T o r r  P r e s s u r e  
Cathode - Spiral  Oxide 
Magnetic Field,  Uniform Configuration of F ig .  16(a) 
Beam Voltage, 3 kV 
Decelerating Voltage, 2 kV 
Optics - Type A (48% Open Area) 
Type B (71% Open Area) 
Propel lan t  Injection - Standard Reve r se  
P a r a m e t e r  - Magnetic Configuration and Optic Open Area  
Divergent Configuration of F i g .  16(d) 
ID’ 
A 
1.55 
1 .52  
I .  54 
1 .52  
1 .53  
1 .35  
1 . 0 8  
1 . 0 4  
1 . 0 3  
!.C! 
1 . 0  
0 . 9  
1 .25  
1 .22  
1 .22  
1 .22  
1 .24  
1 . 2 4  
1 .22  
1 .18  
1 .05  
1 .01  
0 . 9 9  
0 .98  
0 .98  
0 .99  
0 .97  
0 . 9 5  
0 .9  
IB’ 
mA 
264 
255 
242 
225 
200 
145 
243 
232 
222 
ZC:, 
179 
151 
312 
301 
291 
281 
269 
256 
235 
210 
~- 1 A 8  
- 
2 97 
282 
27 1 
260 
252 
23 8 
218 
196 
I A 
mA 
0 . 9  
1 . 0  
1 . o  
1 .1  
1 . 1  
1 . 2  
- 
0 . 9  
1 .0  
1 . o  
! .L  
1 .1  
1 . 2  
0 .9  
1 .0  
1 .0  
1 . 1  
1 . 2  
1 . 3  
1 . 5  
1.7 
2 ;  1. 
1 . 2  
1 .3  
1 . 3  
1 . 4  
1 . 4  
1 . 5  
1 . 7  
1 . 9  
268 98 .5  
95 .2  
90 .3  
I 84 
284 
268 
254 
237 
230 
233 
265 91 .6  
87 .5  
83 .8  
? 6 . ?  
67 .5  
57 
21 8 
202 
186 
!? 5 
168 
160 
320 97 .5  
94 
91 
87 .8  
84 
80 
7 3 . 5  
65.6 
5 2 . 5  
192 
182 
178 
173 
173 
170 
169 
169 
I77 
56 
TABLE XII 
Langmui r  P r o b e  Data  shown in  F i g s .  24 th rough  26 
~~ 
Discharge  Parameters are  given in F i g .  24 
Distance f r o m  P r o b e  Pos i t i on  t o  Cathode P l a n e  - 2 
Distance f r o m  P r o b e  Pos i t i on  t o  Di scha rge  Axis  - R 
Plasma Potent ia l  - 
Plasma Densi ty  - n 
Plasma E l e c t r o n  T e m p e r a t u r e  - T e  (Maxwell ian Veloci ty  
P a r a m e t e r  - Magnet ic  F ie ld  Configuration 
vP 
P 
Dis t r ibu t ion)  
Magnet ic  
Configuration 
16A 
16D 
- 
Z 9 .  
c m  - 
3 
6 
9 
12 
3 
6 
9 
12 
- 
R ,  
c m  
0 
2 . 5  
5 
7 
0 
2 . 5  
5 
7 
0 
2 . 5  
5 
7 
0 
2 . 5  
5 
7 
0 
2 . 5  
5 
7 
0 
2 . 5  
5 
7 
0 
2 5  
5 
7 
0 
2 5  
5 
7 
5 3 . 5  
5 0 . 5  
55 
5 2 . 4  
5 4 . 5  
54 
5 3 . 2  
4 8 . 2  
4 6 . 5  
4 8 . 6  
4 6 . 3  
4 8 . 3  
46 
4 5 . 8  
4 4 . 8  
4 3 . 1  
5 3 . 8  
5 2 . 8  
51 
5 0 . 2  
5 2 . 5  
5 2 . 5  
5 4 . 5  
5 3 . 9  
5 1 . 3  
51 
4 9 . 8  
5 1 . 2  
4 6 . 8  
4 8 . 7  
5 0 . 2  
5 0 . 8  
T 
e 5' 
9 . 0  
7 . 0  
3 . 5  
5 . 0  
1 6 . 9  
1 0 . 5  
7 . 6  
3 . 3  
1 3 . 8  
1 1 . 7  
8 . 4  
4 . 4  
1 6 . 4  
1 2 . 8  
1 1 . 1  
8 . 4  
1 0 . 3  
6 . 2  
3 . 2  
3 . 0  
1 0 . 2  
8 . 7  
8 . 5  
3 . 8  
1 3 . 4  
1 1 . 3  
9 . 4  
8 . 6  
1 2 . 8  
1 2 . 8  
1 2 . 2  
1 0 . 8  
6 . 2  
4 . 4  
4 . 0  
2 .7  
7 . 9  
3 . 6  
2 . 9  
2 . 7  
6 . 6  
3 . 3  
2 . 7  
2 . 7  
2 . 9  
2 . 0  
1 . 5  
1 . 6  
5 . 0  
4 . 2  
4 . 0  
3 . 9  
4 . 6  
3 . 9  
3 . 4  
3 . 1  
4 . 6  
4 . 8  
4 . 6  
4 . 1  
3 . 0  
3 . 3  
3 . 7  
3 . 0  
TABLE XI11 
I.ctticiiiiii  I- P r o b v  Data S h o w n  i n  F i g s .  27 t h r o u g h  2 9  
Magnetic 
Configuration 
16-4 
1 6 D  
Discharge P a r a m e t e r s  a r e  given in F i g .  27 
Dlstance f r o m  P r o b c  Position to  Cathode P!ane 2 
Distance f r o m  Probe  Position to Discharge Axis R 
P lasma Potential V 
Plasma Density 
P r i m a r y  Electron Density n I  
P r i m a r y  Electron Energy eV, 
Maxwellian Electron Density n 2 
Maxwellian Electron Temperature T, 
Parameter - Magnetic F ie ld  Configuration 
P 
% 
Z, 
c m  
0.46 
- 
2 
4 
6 
8 
10 
11.2  
- 
0.46 
2 
4 
6 
8 
10 
11 .2  
- 
R ,  
c m  
1 
3 
5 
7 
1 
3 
5 
7 
I 
3 
5 
7 
1 
3 
5 
7 
1 
3 
5 
7 
1 
3 
5 
7 
1 
3 
5 
7 
1 
3 
5 
7 
1 
3 
5 
7 
1 
3 
5 
7 
1 
3 
5 
7 
I 
3 
5 
7 
1 
3 
5 
7 
1 
3 
5 
7 
- 
- 
- 
V 
P' 
V 
40.6 
38 .1  
42 .2  
41.6 
41 .7  
40 .8  
40 .4  
40.5 
42 
4 1 . 5  
40.5 
4 1 . 9  
42.2 
41 .8  
40 .8  
41 .5  
40 .9  
41 
40 .8  
4 1 . 9  
39.6 
38 .9  
39.1 
41.5 
38 
37 
37.7 
38.2 
42 .4  
41 .8  
40 .8  
43 .8  
42.7 
42 .3  
42 .9  
42.6 
42.6 
43 
41 .9  
43.2 
43 
42 .5  
43 .3  
42.4 
42 .9  
42 .5  
42 .3  
42.7 
42.1 
42.1 
42 .3  
43.2 
38 .9  
39 
39 
4 i .  5 -
"P' 
1011 cm-3 
~ 
1 .5  
0 . 5  
0 . 1  
0 .008  
2 . 2  
1 .0  
0 . 2  
0.03 
2 . 4  
1 . 3  
0 . 3  
0 .08  
2 . 5  
1 . 4  
0.43 
0 . 0 8  
2 . 2  
1 . 3  
0 . 5  
0 .09  
1 . 8  
1 . 0  
0 . 4  
0.09 
1 . 2  
0 .7  
0 . 4  
0 .08  
1 . 7  
0.4 
0 .05  
0 .01  
2 . 1  
0.7 
0 . 1  
0.02 
2 .2  
0 . 6  
0 . 1  
0 .04  
2 . 5  
1 . 2  
0 . 3  
0 .06  
2 . 3  
1 . 3  
0 . 4  
0 . 0 8  
1 . 6  
0 . 9  
0 . 4  
0 . 1  
1 . 1  
0 . 6  
0 . 3  
0 . 0 9  
" I '  
1010 cm-3 
2 . 7  
0 . 9  
0 .06  
0 .02  
2 . 1  
0 . 4  
0 . 1  
0.004 
2 .1  
0 . 6  
0 . 2  
0 .01  
L 
0 . 6  
0 .2  
0 .08  
2 
0 . 7  
0 . 2  
0.02 
1 .7  
0 .7  
0 . 2  
0.02 
1 .5  
0 . 5  
0 . 3  
0.03 
1.27 
0 .  17 
0 .03  
0 . 0 1  
1 . 4  
0 . 2  
0 .01  
0 .00  
1 .5  
0 . 2  
0 .03  
0 .02  
1 . 7  
0 . 6  
0.06 
1 . 8  
0 . 6  
0 . 1  
0 . 0 1  
1 . 5  
0 .7  
0 .3  
0 .05  
1 . 1  
0.7  
0 . 3  
0 . 0 9  
- 
eVo, 
eV 
36 
27 
32 
11 
39 
35 
23 
8 
38 
36 
25 
8 
j i  
34 
27 
6 
37 
36 
36 
17 
36 
34 
30 
22 
36 
33 
32 
29 
- 
38 
38 
13 
9 
35 
31 
17 
7 
35 
29 
8 
3 
37 
30 
16 
37 
34 
28 
8 
35 
36 
34 
9 
37 
34 
34 
30 
- 
- 
"2' 
1010 cm-3 
12 
3 . 8  
1 . 0  
0 .06  
9 . 5  
1 . 6  
0 .3  
22 .3  
1 1 . 9  
2 . 9  
0 . 8  
23 
13.1 
4 .1  
0 . 7 6  
20 
20 
12 
4 . 6  
0 . 9  
9 .1  
3 . 8  
0 . 9  
1 0 . 4  
6 .6  
3 . 3  
0 . 8  
I b .  1 
16 
3 .7  
0 . 5  
0 . 1  
7 . 3  
1 . o  
0 .02  
20 .8  
5 . 9  
1 . 3  
0 . 4  
20 
23 
1 1  
3 .3  
0 .6  
21 .4  
11.7 
4 . 1  
0 . 8  
1 4 . 5  
8 . 2  
4 . 0  
1 . 0  
9 . 6  
5 .  8 
3 .  I 
0 .  8 
Te* 
eV 
9 .1  
4 . 2  
4 . 3  
1 . 3  
7 . 3  
5 . 5  
3 . 0  
0 . 5  
6 . 8  
4 . 8  
2 . 5  
0 .6  
7 
5 . 3  
3 . 4  
0 . 5  
6 . 7  
5 . 5  
4 . 0  
1 . 2  
6 . 0  
4 . 4  
2 . 0  
9 
6 .7  
4 .6  
4 . 6  
4 . 6  
3.7 
0 . 9  
1 . 3  
4 . 9  
3 .1  
0 . 8  
0 . 7  
4 . 6  
3 . 5  
0 .7  
0.7 
5 . 3  
3 . 2  
1 . 7  
0 . 6  
5 . 3  
4 .2  
3 . 1  
0 . 6  
5 . 3  
5 .1  
4 . 0  
1 . 5  
6 .  8 
6 . 6  
6 . 4  
4. I 
I .  1 
TABLE XIV 
T h r u s t e r  P a r a m e t e r s  f o r  P e r f o r m a n c e  
Mappings Shown in F i g .  3 3  
IN ( t o t a l )  
mA ( e q u i v ' )  
I 
. IN (Hollow Tm, 
% Cathode  ) , mA ( e q u i v . )  
Magnet ic  
Configurat ion 
A 
-7 
F a c i l i t y  - 5 f t  V a c u u m  C h a m b e r  F a c i l i t y ,  5 x 10 
Cathode  - Hollow (NASA L e R C )  
Magne t i c  F i e l d  - Conf igu ra t ions  34,  3 5  and  36 
B e a m  Vol tage  - 3 kV 
D e c e l e r a t i n g  Vol tage  - 2 kV 
Opt i c s  T y p e  A 
P r o p e l l a n t  In j ec t ion  - S t a n d a r d  R e v e r s e  
T o r r  
35 
36 
vD' 
V 
33 
3 3 . 5  
3 4 . 2  
35 
35 
35 
35 
34 
34 
34 
34 
34 
34 
3 2 . 5  
34 
3 4 . 2  
35 
35 
36 
3 7 . 5  
ID' 
A 
- 
1 . 4  
1 . 8  
2 . 2  
2 . 6  
3 . 0  
3 . 4  
3 . 6  
1 . 4  
1 . 8  
2 . 3  
2 . 8  
3 . 4  
3 . 8  
1 . 0  
1 . 4  
1 . 8  
2 . 2  
2 . 6  
3 . 0  
3 . 4  
- 
- 
IB 
m A  
120 
152 
185 
210 
230 
255 
27 0 
140 
170 
200 
235 
263 
280 
110 
160 
197 
228 
249 
260 
27 5 
50 40 
5 0 . 6  
6 1 . 5  
70 
76 
8 4 . 9  
90 
4 6 . 6  
5 6 . 6  
66 
7 8 . 2  
8 7 . 5  
9 3  
3 6 . 4  
53 
6 5 . 3  
1 7 5 . 6  
1 8 2 . 5  
8 6 . 2  
~ 9 1 . 2  
3 84  
3 97 
406 
434  
457 
466 
47 0 
330  
361 
391 
4 04 
434  
46 0 
295 
298 
313 
338 
366 
41 5 
466 
58 
TABLE XV 
0 
0 
A 
T h r u s t e r  P a r a m e t e r s  for P e r f o r m a n c e  Mappings 
Shown in F i g .  41 
~~ ~- ~ 
Facili ty - 9 f t  Vacuum Chamber,  
Cathode - Hollow 
Magnetic Field - Configurations 36 and 42  
Beam Voltage - 3 kV 
Decelerating Voltage - 2 kV 
Optics Type A fo r  Configuration 36 and 42, Type B f o r  4 2  
T o r r  Press 
TABLE XVI 
Langmuir  P r o b e  Data used  in  F i g .  44 
Discharge  P a r a m e t e r s  a r e  given in F i g .  44 
Distance f r o m  P r o b e  Pos i t i on  to  Cathode 
Distance f r o m  P r o b e  Pos i t i on  to Di scha rge  
P l a s m a  Potent ia l  V 
P l a s m a  Densi ty  n 
P r i m a r y  (Monoenerge t ic )  E l e c t r o n  Densi ty  n 
P r i m a r y  E l e c t r o n  Energy  eVo 
Maxwellian E ' lectron Densi ty  9 
Maxwellian E l e c t r o n  T e m p e r a t u r e  Te  
P lane  Z 
Axis R 
P 
P 
1 
Z ,  
cm 
0 .37  
1 . 5  
2 . 5  
3 . 4  
5 . 0  
6 . 9  
8 . 8  
R ,  
c m  
0 . 5  
1 . 0  
1 . 8  
0 
0 . 5  
1 . 0  
1 . 8  
0 
0 . 5  
1 . 0  
1 . 8  
0 
1 
2 
3 
4 
5 
6 
0 
2 
4 
6 
0 
2 
4 
6 
0 
2 
4 
6 
14  
14 
1 3 . 5  
1 4 . 3  
14 .2  
13 .9  
13 .8  
1 3 . 2  
1 4 . 0  
14 .2  
1 4 . 8  
12 .7  
1 5 . 1  
35 
3 6 . 8  
3 7 . 1  
3 7 . 2  
37 
37 .7  
3 7 . 3  
3 7 . 2  
3 6 . 6  
37 
36 
3 6 . 5  
3 9 . 5  
3 8 . 6  
3 5 . 5  
3 4 . 9  
3 9 . 3  
x l  "81 0 
2 . 9  
2 . 3  
1 . 7  
16.7 
15 .2  
8 . 7  
3 . 0  
1 4 . 5  
1 0 . 8  
4 . 2  
1 . 9  
2 . 6  
2 . 1  
6 
5 . 9  
4 . 2  
2 . 9  
1 . 4  
1 4 . 2  
9 . 9  
5 . 4  
1 . 5  
1 2 . 5  
7 . 0  
4 . 9  
2 . 0  
9 . 0  
6 . 5  
4 . 1  
2 . 2  
121 0 
0 . 2  
0 . 2  
0 . 2  
0 . 1  
0 . 1  
0 . 1  
0 . 1  
0 . 1  
0 . 2  
0 . 2  
0 . 1  
0 . 3  
0 .7  
1 . 0  
0 . 3  
0 . 2  
0 . 2  
0 . 1  
0 . 2  
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25 
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1 . 3  
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2 . 1  
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TABLE XVII 
VD’ 
V 
0 
A 
ID’ IB’ 
A m A  
T h r u s t e r  P a r a m e t e r s  for P e r f o r m a n c e  
Mappings Shown in F i g .  47 
0 . 8  
0 .83  
0 . 9  
0 . 9 8  
The Radia l  F i e ld  T h r u s t e r  Configuration is shown in 
Fac i l i t y  - 9 f t  Chamber  1 x 10  
Cathode - Hollow 
B e a m  Voltage - 3 kV 
Decelera t ing  Voltage - 2 kV 
Optics  - Type B 
Prope l l an t  Inject ion - Standard R e v e r s e  Using 40 
-7 F i g .  46 T o r r  P r e s s u r e  
Inject ion Or i f i ce s  
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1 . 8  
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1 . 7 5  
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3 9  
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4 0  
45 
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42 6 
’ m ’  
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4 7 . 6  
5 3 . 9  
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7 0 . 5  
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87 
47 
5 1 . 7  
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7 7 . 5  
8 4 . 6  
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z14 
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200 
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T A B L E  XVIIl 
Hour ly  Readings  of Radia l  F i e l d  T h r u s t e r  Parameters 
Taken  During the  24 Hour  Tes t  
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Approximate Coll is ion Data f o r  a T h r u s t e r  D i scha rge  with Uni form 
B-F ie ld  and Low T r a n s m i s s i o n  Opt ics  
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a See R e f .  12  
bSee R e f .  13 
See R e f .  14  C 
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TABLE XXII 
Es t ima te  of the  Dependence of P rope l l an t  Uti l izat ion 
on  Neut ra l  Mean F r e e  P a t h  (1 = length of c h a m b e r )  
6 6  
VI .  FIG UR E S 
I 
~ The f i g u r e s  r e f e r e n c e d  in  the text appear in this sect ion 
67 
F i g .  1 .  Schemat ic  c i r c u i t  d i a g r a m  of power  conditioning and t h r u s t e r  
e l e c t r o d e s .  
6 8  
E941-6 
ACCEL ELECTRODE 
SEGMENTED SOLENOID 
VARIABLE LENGTH SCREEN ELECTRODE 
CERAMIC CATHODE 
SUPPORT 
FEED MANIFOLD 
HEATED SCREEN VAPORIZER 
F i g .  2 .  Schemat i c  drawing  of the  ve r sa t i l e  e x p e r i m e n t a l  t h r u s t e r  
u s e d  in d iagnos t ic  and  opt imizat ion e x p e r i m e n t s .  
69 
M 4830 
F i g .  3 .  S p i r a l  oxide cathode (design 4A)  b e -  
f o r e  t e s t .  
7 0  
(a)  View with ion opt ics  r e m o v e d .  
F i g .  4 .  Rad ia l  f ield t h r u s t e r .  
(b)  View with ion opt ics  and  ca thode  baf f le -pole  p i ece  r e m o v e d .  
F i g .  4 .  ( C o n t ' d ) .  
7 2  
0.007 cm D/A 
TUNGSTEN W/KE 
A = 0.1'2 7 ~ m  
. €3 =o. 190 cm 
I 
PROBE 1 
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ALUMINUM OYID€ 
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EJOIY - 9- 
0.32 c m  DIA 
F-- FUSED QUARTZ 
PROBE I N S U L A ~ ~ R  
B = 0. /52 c m  
PROBE 2 
F i g .  5 .  Drawing of Langmui r  probes u s e d  in th i s  invest igat ion.  
7 3  
THRU STO R 
I 
I 
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I 
I 
I 
I 
I 
I 
I 
E795- IRI  
DISCHARGE CHAMBER 
I NON-EMITTING A 
EMITTING PROBE 
pRoBEYr 
1 I VP V 
F i g .  6 .  L a n g m u i r  p r o b e  technique .  (a) G e o m e t r y  and  pos i t ion ing .  
( b )  Supe r imposed  emi t t ing  and  nonemi t t ing  p r o b e  c h a r a c t e r i s t i c s .  
7 4  
F i g .  7 .  Ideal ized Langmuir probe  c h a r a c t e r i s t i c s .  
F i g .  8 .  Block d i a g r a m  of Langmui r  p r o b e  vol tage sweeping ,  da t a  r e -  
cording equipment .  
7 6  
F i g .  9 .  F a r a d a y  cup b e a m  p r o b e .  
7 7  
\\ 
CATHODE POLE PIECE HOLLOW CATHODE 
€941-8 
ANODE 
SCREEN 
PIECE 
6 
POLE 
- .  . 
F i g .  1 0 .  Pho tograph  of powdered i r o n  f ie ld  m a p  of m a g n e t i c  f ie ld  
conf igura t ion  i n  a t h r u s t e r  d i s c h a r g e  c h a m b e r .  
m a d e  in  the SERT-I1 model ,  p e r m a n e n t  t h r u s t e r .  ( D i s -  
c h a r g e  c h a m b e r  e l e c t r o d e s  a r e  ske tched .  ) 
This  m a p  w a s  
7 8  
€941- 
1 I I I 
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HOLLOW CATHODE 
HOLLOW CATHODE 
MAG OXIDE 
I I I 1 
20 40 60 80 I 
P ROPELL A NT UT I L I 2 AT I ON, '/o 
R I  
10 
F i g .  1 1 .  P e r f o r m a n c e  mapping of NASA-LeRC 
SERT I1 model p e r m a n e n t  magne t  
t h r u s t e r  fo r  three cathode types.  
(See Table  I1 for t h r u s t e r  p a r a m e t e r s .  ) 
7 9  
E.41-5 
Fig .  1 2 .  
t 
'i 
i" 
i' 
20 
Schemat i c  d rawing  of NASA-LeRC I1 m o d e l  d i s c h a r g e  c h a m -  
ber  showing magne t i c  f ie ld  s h a p e  and  axial f ie ld  s t r eng th .  
80 
m 
3 
k 
81 
82 
( c )  Maxwell ian e l e c t r o n  t e m p e r a t u r e  in the SERT-I1 t h r u s t e r .  
F i g .  14.  (Con t ' d ) .  
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E941. 
1 I I I 
MAGNETIC FIELD CONFIGURATION 
SHOWN IN FIGURE 1 6 A  \ IJ 
CATHODE HEATER 
R I  
I O 0  
50 60 70 80 90 100 
MASS UTILIZATION, '14 
1 5 .  P e r f o r m a n c e  mapping of d i s c h a r g e  effi-  
c iency  v e r s u s  m a s s  u t i l i za t ion  fo r  s e v e r a l  
magnet ic  f ie ld  conf igura t ions .  T h r u s t e r  
p a r a m e t e r s  given i n  Table  I V .  
84 
COIL NO.8 
(a) R e f e r r e d  t o  a s  1 6 ( a ) .  
F i g .  16 .  Magnet ic  f ie ld  configuration gene ra t ed  in ET1 by the  magnet ic  
coi l  c u r r e n t s  shown.  The f ie ld  l ines  a r e  t r a c i n g s  of a powdured 
i ron  field m a p  such  as  that  shown in F i g .  1 0 .  
f ie ld  va lues  shown a re  the  ax ia l  component ( m e a s u r e d  with a n  
ax ia l  Hal l -effect  p robe  g a u s s m e t e r ) .  
The  magne t i c  
VALUES (GAUSS) 
/ANODE 
SCREEN ELECTR( 
E941 - 2 
(b) R e f e r r e d  to as  16(b)  
F i g .  16 .  ( C o n t ' d ) .  
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€941-3 
( c )  Refe r red  t o  a s  1 6 ( c ) .  
F i g .  1 6 .  ( C o n t ' d ) .  
87 
(d) R e f e r r e d  to a s  1 6 ( d ) .  
F i g .  1 6 .  ( C o n t ' d ) .  
8 8  
0 
P 
I 
F i g .  1 7 .  P e r f o r m a n c e  mappings  for  a u n i f o r m  magne t i c  field configura-  
See  Table  V- t ion (16(a)) f o r  s e v e r a l  l ength- to-d iameter  r a t i o s .  
f o r  t h r u s t e r  p a r a m e t e r s .  
89 
I I I 1 
SEE7 a 
I I I I 
F i g .  18.  P e r f o r m a n c e  mappings  f o r  a d ive rgen t  magnet ic  f ie ld  con- 
f igura t ion  (16(d) )  f o r  s e v e r a l  l eng th - to -d iame te r  r a t i o s .  
Table VI f o r  t h r u s t e r  p a r a m e t e r s .  
See 
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€941, 
I DOES NOT INCLUDE I CATHODE POWER 
R I  
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MASS UTILIZATION, O/o 
Fig.  1 9 .  P e r f o r m a n c e  mapping of d i scha rge  eff i -  
c iency  v e r s u s  m a s s  ut i l izat ion f o r  v a r i -  
a t ion of cathode posi t ion on d i scha rge  
axis. Z is d is tance  f r o m  cathode to  
s c r e e n  i n  c e n t i m e t e r s .  T h r u s t e r  p a r a m  
e t e r s  a r e  given in Table  VII I .  
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E 1019 - 2 9 
(a)  R e f e r r e d  to as  2 0 ( a ) .  
F i g .  2 0 .  Magnet ic  f ie ld  configurat ion g e n e r a t e d  in E T 1  b y  the coi l  
c u r r e n t s  shown.  
d e r e d  i r o n  f ie ld  m a p  s u c h  a s  tha t  shown in F i g .  1 0 .  T h e  
magne t i c  f ie ld  va lues  shown a r e  the  axial component  
( m e a s u r e d  with a n  ax ia l  Ha l l  e f f ec t  p r o b e  g a u s s m e t e r ) .  
The  f ie ld  l i n e s  a r e  t r a c i n g s  of a pow- 
92 
I 
E /Of 9 - 28 
\SCREEN ELECTRODE j IRON POLE  PIECE^ 
(b) Refer red  to as 20(b)  
F i g .  20.  ( C o n t ' d ) .  
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200 
F i g .  21. P e r f o r m a n c e  mapp ings  fo r  s e v e r a l  methods of propel lan t  in-  
ject ion in a r e l a t ive ly  u n i f o r m  m a g n e t i c  conf igura t ion .  
mappings f o r  m a g n e t i c  conf igura t ion  20A.  
t h r u s t e r  p a r a m e t e r s .  
All  
S - e  Table  IX  f o r  
94 
I I I I I 
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I I I I I 
F i g .  2 2 .  P e r f o r m a n c e  mappings f o r  s e v e r a l  methods  of propel lant  i n -  
ject ion in a re la t ive ly  divergent  magne t i c  conf igura t ion .  Al l  
mappings  for  magnet ic  configuration 2OB. 
t h r u s t e r  p a r a m e t e r s .  
See  Table  X fo r  
95  
J 
F i g .  2 3 .  Compar i son  of p e r f o r m a n c e  mapp ings  f o r  un i fo rm and d i v e r -  
gent  magne t i c  conf igura t ions  with ex t r ac t ion  op t i c s  A (48% 
t r a n s p a r e n c y )  and opt ics  B (7 1 % t r a n s p a r e n c y ) .  S e e  Tab le  XI 
for t h r u s t e r  p a r a m e t e r s .  
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i 4 
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\ / D  
c 
F i g .  
I I I 
1 I I 
3 0 .  Hollow cathode p l a s m a  p r o p e r t i e s  (in the spot mode)  as  a 
function of d is tance  f r o m  the cathode t i p .  
103  
3 
F i g .  3 1 .  Discharge  potent ia l  of the e x p e r i m e n t a l  hollow cathode t h r u s t e r  
a s  a function of d i s c h a r g e  c u r r e n t  f o r  cons tan t  d i s c h a r g e  
p o w e r .  
baffle pos i t ion .  
T h e  d i s c h a r g e  c u r r e n t  is v a r i e d  through changes  in 
104 
u 
$50 
\ 
F i g .  3 2 .  M a s s  ut i l izat ion ( o r  "normalized" ion b e a m  c u r r e n t )  a s  a 
function of baffle posi t ion,  obtained with the  expe r imen ta l  
hollow cathode t h r u s t e r .  
105  
106 
I I I 1 
P e r f o r m a n c e  da ta  of the  e x p e r i m e n t a l  hollow cathode 
t h r u s t e r  for d i f f e ren t  m a g n e t i c  conf igura t ions .  (Mag-  
net ic  f ie ld  t r a c i n g s  a r e  shown in  F i g s .  34, 35,  and  3 6 .  
T h r u s t e r  p a r a m e t e r s  a r e  given in Tab le  X I V . )  
COIL N0.8 
1 
El7 
El6 
N5 
N4 
El3 
El2 
F i g .  3 4 .  Magnet ic  field configurat ion 34 .  
1 0 7  
€941-4 
F i g .  3 5 .  Magnet ic  f ie ld  configurat ion 35. 
108  
€ 1 0 / 9 - 3 0  
COIL 
CURREAI T, 
I -\SCREEN ELECTRODE 
F i g .  3 6 .  Magnet ic  field configurat ion 3 6 .  
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500 
F i g .  37.  P e r f o r m a n c e  da ta  of the  e x p e r i m e n t a l  hollow cathode t h r u s t e r  
a s  a function of the magne t i c  f i e l d  s p r e a d  toward  the s c r e e n  
e l e c t r o d e .  
shown in F i g s .  38, 39,  and 4 0 . )  
(The  d i f fe ren t  m a g n e t i c  conf igura t ions  a r e  
110 
E IO19 -33 
CO/L 
CURREN r, 
1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1  
\ I 
lSCREEN ELECTRODE 
I L 
F i g .  38 .  Magnet ic  f ie ld  configuration 38 
1 1 1  
E /0 /9  - 3 2  I 
\SCREEN ELECJRODE j 
F i g .  3 9 .  Magnet ic  f ie ld  configurat ion 3 9 .  
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E /0/9 - 31 
COIL 
CURRENT, 
lSCt?EEN ELECTRODE 
F i g .  40.  Magnet ic  field conf igura t ion  40 .  
113 
F i g .  41. P e r f o r m a n c e  c h a r a c t e r i s t i c s  of t he  e x p e r i m e n t a l  hollow 
cathode t h r u s t e r  f o r  two d i f f e r e n t  ion opt ica l  s y s t e m s  (mag- 
n e t i c  conf igura t ions  a r e  shown in F i g s .  36 and 4 2 ) .  P a r a m -  
e t e r s  a r e  given in  Table  X V .  
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F i g .  42 .  Magnet ic  field configurat ion 4 2 .  
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F i g .  43 .  Magnetic f ie ld  configurat ion 4 3 .  
1 1 6  
a. PLASMA DENSITY DISTRIBUTION b. NflRMALlZED PLASMA POTENTIAL DISTPIBUTIOF( 
OPERATING CONDITION4 
MAGNJETfC CONFIGUFUTIOM 70, OPTIC B NEUTRAL FLOW 2 4 0  mA TOTAL 
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ION BEAM CURRENT 298mA ELECTRODE N a  I AT CATHODE POT; 
DRAlN CURPENT 0.9 rnA ELECTRODE k10.2AT ANODE POT. 
HOLLOW CATHODE 40 hlA 
DlSCHARGE LOSS 244 eV/lON 
F i g .  44. Spat ia l  d i s t r ibu t ion .  
117 
t\019 - 47 
/ 
CATUODE 2 5f 6 
( c )  Maxwellian p l a s m a  e l ec t ron  t e m p e r a t u r e  in  a hollow ca thode  
opera ted  expe r imen ta l  t h r u s t e r .  
2 shown in  F i g .  5 .  
P r o b e  data obtained with p r o b e  
P a r a m e t e r s  a r e  given i n  Tab le  X V I .  
F i g .  44. ( C o n t ' d ) .  
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€ /0 /9  - 3 9 
F i g .  4 5 .  
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Radia l  magne t i c  field th rus te r  configuration 4 5 .  
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F i g .  46. Radial  magnet ic  f ie ld  configurat ion 46 .  
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I FLOW 334 n?A 
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F i g .  4 7 .  P e r f o r m a n c e  data  of the  radio f i e ld  t h r u s t e r  configura-  
t ion f o r  d i f fe ren t  propel lant  flow l e v e l s .  
given in Tab le  XVII. 
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s u r e d  1 cm from- accel e l ec t rode ,  t o t a l  ion b e a m  c u r -  
r e n t  = 400 m A .  
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Fig .  5 2 .  E n e r g y  l o s s  r a t e  of a Maxwel l ian  d i s t r ibu t ion  of e l e c t r o n s  
as  a function of e l e c t r o n  t e m p e r a t u r e  i n  m e r c u r y .  
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F i g .  54. Compar i son  of t h e o r e t i c a l l y  d e r i v e d  and expe r imen ta l ly  ob- 
s e r v e d  p l a s m a  densi ty ,  e l e c t r o n  t e m p e r a t u r e , a n d  p l a s m a  poten-  
tial p r o f i l e s  f o r  a 15 c m  d i a m e t e r  t h r u s t e r .  The e x p e r i m e n t a l  
r e s u l t s  w e r e  obtained with oxide  ca thode  low t r a n s m i s s i o n  
op t i c s  and a u n i f o r m  m a g n e t i c  f i e l d .  
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